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FOREWORD 

This report was prepared by the Aerotherm Division of Acurex Corpora- 
tion under National Aeronautics and Space Administration Contract No. NASl- 
10913, and describes an extensive experimental and analytical study of the 
response of bare and coated high temperature metallic alloys to shuttle or- 
biter vehicle reentry heating conditions. This work was sponsored by the 
Langley Research Center. The Aerotherm Program Manager and principal inves- 
tigator was Mr. John W. Schaefer. The authors gratefully acknowledge the 
support of the other Aerotherm personnel who contributed to the program. 
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SUMMARY 

A detailed experimental and analytical evaluation was performed to de- 
fine the response of TD nickel chromium alloy (20 percent chromium) and coated 
columbium. .(R512E,on Cb-752 and VI-i-109 on WC1269) to shuttle orbiter reentry 
heating. Flight conditions important to the response of these TPS materials 
were calculated, and test conditions appropriate to simulation of these flight 
conditions in flowing air ground test facilities were defined. The response 
characteristics of these metallics were then evaluated for the flight and rep- 
resentative ground test conditions by analytical techniques employing appro- 
priate thermochemical and thermal response computer codes and by experimental 
techniques employing an arc heater flowing air test facility and flat face 
stagnation point and wedge test models. These results were analyzed to define 
the ground test requirements to obtain valid TPS response characteristics for 
application to flight. 

For both material types in the range of conditions appropriate to the 
shuttle application, the surface thermochemical response resulted in a small 
rate of change of mass and a negligible energy contribution. This response 
for TD NiCr was characterized by subsurface kinetic oxidation of the base 
material to form an oxide film (Reference 1) and the diffusion controlled sur- 
face oxidation of this oxide film. A continuous buildup of this film: and the 
corresponding continuous depletion of the base material, occurred at a very 
slow rate. The thermochemical response for coated columbium was characterized 
(from diffusion-controlled thermochemical analysis) by the formation of con- 

densed surface oxides and the volatilization of these oxides. The surface 
oxides formed were computed to be Cb205* and Hf02* (for R512E and VH-109, re- 
spectively). A continuous slow buildup of these condensed oxides occurred. 
The oxide coating on TD NiCr and the two coated Cb coatings were partially 
noncatalytic (from experiment). The relative ranking in order of decreasing 
surface catalycity was TD NiCr, R512E, and VH-109, although differences be- 
tween material types were small. The thermal response in terms of surface 
temperature was controlled by the net heat flux to the surface; this net flux 
was influenced significantly by the surface catalycity and surface emissivity. 

Although the surface thermochemical response depends on pressure and 
enthalpy, a set of simulation test conditions which duplicates flight heat 
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flw at a pressure and enthalpy within, say, an order of magnitude of those 
of flight was determined to be .acceptable on macroscopic thermochemical terms. 
This derives .from the small magnitude of the thermochemical mass and energy 
effects. The microscopic surface res;ponse may vary considerably over this order 
of magnitude range and its effect on:,surface catalpcity and surface emissivity 
must be considered. Surface catalytic response was a complicated function of 
the simulation test conditions , primarily enthalpy, pressure, and boundary, layer 
characteristics, .and it strongly affected the net flux to the surface and there- 
fore the surface temperature. The surface catalycity must be accounted for in 
defining simulation test conditions so that proper heat flux levels to, and 
therefore surface temperatures of, the test samples are achieved. The thermal 
response was dependent on the net flux to the surface; the related limit on simu- 
lation test conditions was only that this flux be achieved within the other 
constraints defined above. 
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ANALYTIC AND EXPERIMENTAL EVALUATION OF FLOWING 
AIR TEST CONDITIONS FOR SELECTED METALLICS 

IN A SHUTTLE TPS APPLICATION 

John W. Schaefer, Henry Tong, Kimble J. Clark, 
Kurt E. Suchsland, and Gary J. Neuner 

Aerotherm Division of Acurex Corporation 

SECTION 1 

INTRODUCTION 

The thermal protection system (TPS) for reusable hypersonic vehicles 
such as the space shuttle orbiter presents a major technological challenge. 
Bare and coated high temperature alloys offer an attractive potential for the 
TPS in some areas of these vehicles. Candidate materials include thoria dis- 
persed nickel chromium alloys and columbium alloys with oxidation inhibiting 
coatings. Definitive evaluation of these materials in flowing air tests re- 
quires proper simulation of the flight environment of their application on 
the shuttie vehicle. A detailed study which investigates the definition of 
flight conditions and how they are simulated in ground test facilities is 
therefore desirable. This report presents the results of such a program for 
thoria dispersed nickel, 20 percent chromium alloy, and for two coated colum- 
buim systems - R512E coating on Cb-752 alloy and VH-109 coating on C129Y alloy. 

Flight conditions important to the response of these TPS materials were 
determined, and test conditions appropriate to simulation of these flight con- 
ditions in flowing air ground test facilities were defined. The response 
characteristics of these metallics were then evaluated for the flight and rep- 
resentative ground test conditions. This definition was accomplished by ana- 
lytical techniques employing appropriate thermochemical and thermal response 
computer codes and by experimental techniques employing an arc heater flowing 
air test facility and stagnation point and wedge test models. These results 
were analyzed to define the ground test requirements to obtain valid TPS re- 
sponse characteristics for application to flight. 

The program description and the primary program results are presented 
in the following sections. Additional details are presented in Appendices A 
through D. 



SECTION 2 

ENVIRONMBNT/TPS INTERACTION 

The boundary conditions and related parameters of potential importance to 
the response of metallics and other TPS material types are: 

l Convective heat flux, enthalpy, and heat transfer coefficient 

l Reactive species flux, species mass fraction, mass transfer coeffi- 
cient, and species partial pressure 

l Total pressure 

l Local Mach number 

l Boundary layer type and thickness 

l Surface shear 

The convective heat flux is the primary controller of the surface temperature 
response. This heat flux is given by 

9 conv = CH(ho - hw’ 

where h 
0 

is the total (or recovery) enthalpy and hw is the enthalpy of the 
air at the surface temperature. 

Typically, the heat flux seen by the TPS material surface falls between 
the two extremes defined by a fully catalytic surface and a fully noncatalytic 
surface 

qcat wali = CH(ho - hw 1 
C 

'noncat wall = CH(ho - hw ) 
n 

(la1 

(lb) 

where h 
WC 

is the enthalpy of equilibrium air at the surface temperature and 

hwn is the wall enthalpy for the noncatalytic surface. This latter enthalpy 

corresponds to the surface nonequilibrium state for which recombination of the 
dissociated air does not occur in the boundary layer (frozen boundary layer) or 
at the surface (fully noncatalytic surface). The actual nonequilibrium state 

at the surface, independent of any interaction with the surface, is dependent on 

2 



the boundary layer characteristics. Typically some equilibration (recombina- 
tion) of the dissociated species at the boundary layer edge occurs in transport 
through the boundary layer. The resultant surface air composition then interacts 
with the surface material and again typically some further equilibration of the 
dissociated species occurs. These events which control the final nonequilibrium 
state and therefore the heat flux to the surface (Equation (1)) are a compli- 
cated function of many variables including: 

0 Material surface chemical species and surface characteristic 

l Air molecular composition at the boundary layer edge 

l Enthalpy, total pressure, mass transfer coefficient, boundary layer 
characteristics 

For metallics, the flux seen by the surface (Equation (1)) is essentially 
completely removed through radiation from the surface. For the case of simple 
radiation equilibrium, the surface temperature is therefore given by 

q conv = qrad out = E~uT' 
W 

(2) 

where ~~ is the total hemispherical emissivity of the surface at the surface 
temperature Tw. 

In addition to the primary effect of surface catalycity on the surface 
temperature, other effects must also be considered in evaluating TPS material 
response. These effects include: 

0 Surface thermochemical reactions 

0 In-depth and/or lateral heat conduction 

l Surface emissivity 

In the first case, oxidation or other surface thermochemical reactions can be 
significant contributors (plus or minus) to the surface energy flux. Thus the 

q conv term of Equation (2) becomes q,,,, + qchem where qchem is the energy 
flux due to surface thermochemical reactions. Second, at least a small amount 
of the incident flux is conducted into the TPS and/or redistributed laterally. 
Thus the q,,,, term of Equation (2) must also in general include a conduction 
term, - qcond' For bare and coated metallics, the surface thermochemical re- 
actions and in-depth or lateral conduction (qchem and -qcond) typically rep- 
resent negligible contributions to the surface energy balance. Equation (2) 
unmodified is therefore an accurate characterization of the heat flux/surface 
temperature interaction for metallics. Finally, thermal effects on the material 
surface or surface thermochemical reactions can change the surface emissivity 
and therefore from Equation (2) change the surface temperature. 
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The reactive species flux to the surface controls the oxidation rate or 
surface thermochemical reaction rate for the case of diffusion rate control. 
This mass flux is given by' 

. 
m. = 

I 
CM (Kj - Kj ) 

j e W 
(3) 

where j indicates the particular reactive species and Km 
Je 

and KS 
3W 

indicate 
the boundary layer edge and wall mass fractions. As discussed above, the air 
molecular composition at the wall K. 

JW is also influenced by boundary layer and 
surface catalycity effects. 

For reaction rate control, oxidation or surface thermochemical reaction8 
are controlled by the surface temperature and in some cases by the partial pres- 
sures of the reactive species as well. The reaction rate may be expressed by an 
equation of the form 

-Ea /8 Tw 
. 

= Bje 7 n 
mm 3 'j (4) 

where 
'j 

is the partial pressure of the reactive species at the wall, n is 
an exponent (typically between 0 and 21, and the remainder of the equation is 
the Arrhenius expression. 

The convective heat flux and the mass diffusion or surface reaction rate8 
are in general interrelated in terms of the surface energy balance, the result- 
ant surface temperature, and the oxidation or surface thermochemical reaction 
rates. Because of the small energy contribution of the last for metallics, 
their interaction may typically be ignored, however, and Equation (2) and Equa- 
tions (3) or (4) may be considered independently. 

Total pressure influences the response of metallics through its effect 
on: 

'The transfer coefficients are related, in simplified form, through the relation8 

CM = 
j 

cM 
= CHLe2iz 

where CF = PUe(f/2L 
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l The oxide or other surface species that form due to surface thermo- 
chemical reactions 

l The molecular composition at the boundary layer edge and at the sur- 
face, and the recombination rate in the boundary layer 

The boundary layer type and thickness and the local Mach number influence the 
response of metallics through effects such as: 

0 Sensitivity to surface roughness or surface waviness and the possible 
enhanced heating 

0 Presence of singularity regions due to flow field disturbance8 

l Recombination rate in the boundary layer 

Finally, surface shear or surface pressure gradients may be important to 
TPS response if the shear or gradients are large enough to cause stresses which 
result in failure or mechanical removal of the surface material. The surface 
shear is given by 

T f 4 =-- 
W 2 g 

(5) 

This response mechanism is typically not significant to the bare and coated me- 

tallies. 
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SECTION 3 

ANALYTICAL PROCEDURES 

The response characteristics of metallic TPS materials were evaluated 
through analytical predictions of thermochemical and thermal response. Prelimi- 
nary to this evaluation, the flight boundary conditions to which these materials 
are exposed and the appropriate test conditions in ground test flowing air facil- 
ities were defined. The procedures employed for this definition and evaluation 
are presented in this section. Additional details are presented in Appendices A 
and B. 

3.1 FLIGHT AND TEST BOUNDARY CONDITIONS 

The flight boundary conditions were defined for a representative shuttle 
vehicle configuration and trajectory, those of the Grumman H-33 vehicle (Reference 
2 and private communication with Grumman Aircraft). An outline drawing of the 
vehicle is shown in Figure 1 and a typical trajectory for an entry angle-of-attack 
of 29O is shown in Figure 2. Flight conditions for specific trajectory points 
which were analyzed are shown in Table 1. Aerothermodynamic conditions on the wind- 
ward side of this vehicle were predicted on the fuselage symmetry plane and the 40 
percent semi-span plane of the wing. In addition, heat transfer distributions on 
the windward side of the fuselage forward of the wing-body junction were estimated. 

The primary test configurations for reentry simulation testing are flat 
face stagnation point models, wedge models, and nozzle models as shown in the 
typical examples of Figure 3. These configurations accept flat panel test samples 
which are the most convenient test configuration. Aerothermal conditions were 
predicted for typical flat-face stagnation point and wedge models for a number of 
different approaches to ground test simulation.' Since it is not possible to 
duplicate all flight conditions in ground tests, each approach corresponds to a 
sacrifice in the duplication of one or more of the various flight conditions 
(Section 2). The four basic simulation approaches considered were: 

l Type 1 - Heat flux, heat and mass transfer coefficient, enthalpy 
species flux, and environment the same as flight 

l Type 2 - Heat flux, stagnation pressure, reactive species concentra- 
tion (partial pressure), and environment the same as flight. 

'No tests were performed under this program for the nozzle test configuration and 
therefore no predictions of test conditions were made. 
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Figure 1. Baseline Shuttle Vehicle Configuration 
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TABLE 1 

TRAJECTORY INFORMATION FOR DEFINITION OF FLIGHT CONDITIONS 
a) SI Units 

Case 
I 

Time From 
Start of 

Reentry 
(set) 

460 77.7 28.2 1.56 1.60 x lo3 5.5 x 10' 7.46 x lo2 

800 73.2 25.1 3.37 2.74 x lo3 4.8 x 10' 1.28 x 10' 

1140 68.6 21.4 6.83 4.03 x 10' 3.8 x 10' 1.88 x 10' 

1890 61.0 14.4 19.75 5.30 x 103 1.9 x 10' 4.26 x 10' 

2110 53.3 11.6 52.69 9.15 x lo3 1.4 x 10' 4.26 x 10' 

2290 45.7 7.1 135.5 9.00 x 103 0.53 x 10' 4.19 x 10' 

Altitude Mach 
(1000 m) Number 

Static Stagnation Stagnation Wing Leading 
Pressure Pressure 

(N/m21 (N/m21 '?5:F;p' 
Edge Pressure 

(N/m21 

Time From 

Case Start of 
Reentry 

(set) 

Altitude 
(1000 ft) 

Static 
Pressure 

(atm) 

Stagnation 
Pressure 

(at4 

.Stagnation 
Enthalp 

Wing Leading 

(Btu/lb J 
Edge Pressure 

(atm) 

1 460 255 28.2 1.54x10-5 0.0158 13,170 .00736 

2 800 240 25.1 3.33x10-5 0.0270 11,390 .0126 

3 1140 225 21.4 6.74~10" 0.0398 9,010 .0186 

4 1890 200 14.4 1.95x10-4 0.0523 4,650 .0244 

5 2110 175 11.6 5.20~10"" 0.0903 3,230 .0420 

6 2290 150 7.1 1.34x10-3 0.0888 1,270 .0414 

TABLE 1 (CONCLUDED) 

b) Conventional Units 
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l Type 3 - Heat flux, species flux, and stagnation pressure the 
same as flight 

0 Type 1-2 - Compromise between types 1 and 2 which optimizes test 
capabilities 

Note that heat flux is always duplicated since it is the critical response param- 
eter (Section 2). Note also that type 1 simulation results in a sacrifice of 
total and partial pressure simulation, type 2 simulation results in a sacrifice 
in enthalpy and species flux simulation, type 3 simulation results in a sacrifice 
in enthalpy, partial pressure, and environment (non-air) simulation, and type 1-2 
simulation falls between the type 1 and type 2 simulations and results in at 
least a small sacrifice in most variables. 

The analysis procedures employed for definition of both the flight and 
test boundary conditions were similar. Pressure and Mach number distributions 
were defined using conventional flow field approximation procedures. The boundary 
layer parameters, including the computation of heat flux, were predicted with 
the Aerotherm Boundary Layer Integral Matrix Procedure (BLIMP) code (Reference 3).' 
The BLIMP code treats the nonsimilar, compressible, chemically reacting, multi- 
component, two-dimensional, laminar or turbulent boundary layer. It computes its 
own boundary layer edge conditions from the distributions of pressure, and allows 
for transition from laminar to turbulent flow. For the flight case, an appro- 
priate boundary layer transition criterion was developed and employed in the com- 
putations. In the analysis of boundary conditions, the surface of the vehicle 
and models was assumed to be smooth and the boundary layer was assumed to be in 
chemical equilibrium, this latter assumption also being equivalent to the assump- 
tion of a fully catalytic wall. The maximum possible reduction in flux resulting 

'For simplified calculations of test model heat flux only, approximate equations 
may be employed. For a stagnation point model (Reference 4) 

q conv 

where &ff = 3.78 RB for a flat face model at typical test stream Mach numbers 
(Reference 5). For a wedge model (private communication with Langley Research 
Center) 

9 conv = 0.021 

where s is the wedge surface running length. 
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, 

from a completely frozen boundary layer and a fully noncatalytic wall was also 
computed, however. 

3.2 THERMOCHEMICAL AND THERMAL RESPONSE 

The thermochemical and thermal responses of TD NiCr and coated Cb were 
computed using the thermochemical models and the computation procedures presented 
in the following subsections. 

3.2.1 Thermochemical Models 

The thermochemical response model employed for TD NiCr was that of Refer- 
ence 1. Accordingly, the main features of the thermochemical response of TD NiCr 
are: 

0 Subsurface oxidation of the base metal 

0 Surface oxidation of the exposed oxide film 

The oxide scale which initially forms on bare TD NiCr is mostly NiO*' with a thin 
subscale of Cr203*. However, once the Cr203* subscale is established, and this 
occurs quite early in the time scale of interest in this work, further growth 
of the NiO* scale is prevented because diffusion of Ni is blocked by the Cr203* 
subscale. Thereafter the primary subsurface oxidation mode is the formation of 

Cr203*, which is assumed to follow a parabolic oxidation law. The usual parabolic 
oxidation formulation ignores the microscopic details of the oxidation process and 
considers the consumption of oxygen from a global point of view; e.g., for the 
formulation of Cr 0 * the overall reaction is 23 

2Cr* + 3/2 O2 + Cr203* (8) 

In reality, however, the growth of the oxide scale proceeds via complex micro- 
scopic processes involving: 

l Conversion of oxygen molecules residing on the exposed surface to 
atomic anions which then diffuse through the existing oxide scale and 
combine with metal cations 

l Diffusion of metal cations through the scale to the surface where they 
combine with available oxygen anions. 

At present it is not definitely known whether cation or anion diffusion dominates 
the TD NiCr oxidation process. However, in the present work the details are not 

'An asterisk after a chemical species indicates the condensed phase. 
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important since an empirical parabolic law is available (Reference 1) for treat- 
ing the global process specified by Equation (8). The law is termed parabolic 
since an Arrhenius-type kinetics equation characterizes the rate of consumption 
of oxygen (kg 02/m2sec) in the formation of the oxide scale 

. B 
mo2 = yp e 

-Ea/gTw 
(9) 

where y is the thickness of the oxide scale, 
format& of the oxide species, 

E, is the activation energy for 
T, is the wall temperature,B is the universal 

gas constant, and B is a constant. The values of B for the special cases of 
Cr203* and NiO* scale formation are presented in Appendix B. 

For oxidation of the exposed surface of the Cr203* scale, the primary re- 
actions are (from the analysis technique of Section 3.2.2) 

2Cr203* + O2 + 4Cr02 

2Cr203* + 302 + 4CrO 2 (11) 

and these reactions can be expected to be diffusion rate controlled (as opposed 
to reaction rate controlled). 

For the coated Cb systems, the basic thermochemical response character- 
istic is the oxidation of the coating to form condensed and volatile oxides of 
the several coating species (again from the analysis techniques of Section 3.2.2). 
The steady state coating loss mechanism is apparently the volatilization of the 
condensed oxides, e.g., Hf02* + HfO + l/20 2' These surface reactions can also 
be expected to be diffusion rate controlled. 

3.2.2 Calculation Procedures 

A two-step computational procedure was used to determine the response of 
TD NiCr and coated Cb for multiple cycle heating/cooling boundary conditions. 
First, the Aerotherm Chemical Equilibrium (ACE) computer code (References 6 and 
7) was used to determine the thermochemical ablation rate of the surface exposed 
to the heating environment for the range of surface temperatures and pressures. 
Then, using the results of these computations, a surface recession versus sur- 
face temperature table was generated. This table was utilized by either the 
Charring Material Ablation (CMA) or Oxide Film Formation and Ablation (OFFA) com- 
puter codes (Reference 8) to compute essentially all thermochemical and thermal 
events occurring at and below the exposed surface. This procedure is summarized 
in the flow diagram of Figure 4. 
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The Aerotherm CMA code determines the thermochemical and thermal response 
of a decomposing material, accounting for transient heat conduction and pyroly- 
sis with the associated complexities of internal pyrolysis gas flow. In addi- 
tion, the CMA code accepts as a boundary condition a surface which is undergoing 
combustion (chemical corrosion) or erosion. The CMA code was used to predict 
the response of coated columbium. 

The phenomena of oxide film formation introduces additional features 
which are not treated by the CMA code. Hence, modifications were introduced 
into the CMA code to allow treatment of this special problem. This modified 
version of CMA is called the OFFA code and was used to compute the response of 
TD NiCr. The OFFA code incorporates the parabolic oxidation kinetics model 
discussed above. 

The ACE code performs as one of its many options a chemical species mass 
balance at the gas/solid interface of a material undergoing thermochemical abla- 
tion. The mass balance is considered in normalized form, thus eliminating the 
requirement for explicit values of the boundary layer mass transfer coefficient 
as input data. Once nondimensional ablation rates have been computed for a range 
of surface temperatures and pressures, values of the mass transfer coefficient 
can then be used to deduce explicit values of the surface ablation rate. As 
already mentioned in the preceding section, chemical equilibrium was assumed for 
the heterogeneous reactions at both the surface of the oxide scale on TD NiCr 
and the surface of the coated columbium systems. 

In order to carry out the above calculation procedures, a wide variety of 
thermochemical, thermophysical, and transport property data is required. The 
computation flow diagram of Figure 4 delineates where the various data are re- 
quired at each step of the calculation process. The particular input data used. 
for prediction of the response of TD NiCr and the coated Cb systems are presented 
in Appendix B. 
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SECTION 4 

EXPERIMENTAL PROCEDURES 

Metallic TPS materials were tested in a flowing air arc heater test facil- 
ity employing stagnation point and wedge test model configurations. The descrip- 
tion of this test setup, the test samples, and the test procedures are presented 
in this section. Additional details are presented in Appendix C. 

4.1 FACILITY DESCRIPTION 

The tests were performed in the Aerotherm 1.5-MW arc plasma facility, and 
the hyperthermal test stream was generated by the Aerotherm 300-kw constrictor 
arc heater for the stagnation point model tests and the Aerotherm 1.5~Mw con- 
strictor arc heater for the wedge model tests. The basic arc heater configura- 
tion for both units is shown schematically in Figure 5. The primary test gas 
was high purity nitrogen and the secondary gas was high purity oxygen in the 
proper amounts to yield the required test gas compositions. 

The conical test nozzle had a throat diameter of 0.025 meters (1.0 inch) 
and an exit diameter of 0.203 meters (8.0 inches). The arc heater, plenum, and 
nozzle assembly were mounted on the vacuum test chamber to which the nozzle ex- 
hausted. This chamber also contained the model sting mechanisms and other nec- 
essary support equipment. 

4.2 MODEL AND TEST SAMPLE CONFIGURATIONS 

The model configurations employed in the test program were flat face 
stagnation point models with 0.121 and 0.032-meter (4.75 and 1.25-inch) body 
diameters, and a 30° half angle wedge model with a 0.013-meter (O.S-inch) nose 

radius as shown in Figures 6 and 7. The size and configuration of the large 
stagnation point model and of the wedge model allowed the maximum practical test 
sample size consistent with uniform property distributions on the test samples 
for the 0.203-meter (S-inch) diameter test stream. All test samples were flat 
panel sections with retention tabs for mounting on the models. The nominal test 
sample dimensions were 0.102 and 0.017-meter (4.00 and 0.65-inch) diameter (flat 
face stagnation point models) and 0.112 x 0.097 meters (4.40 x 3.80 inches) (wedge 
model). For the wedge model, the first 0.023 meters (0.90 inches) of the test 

sample was considered to be a thermal and flow field transition region, providing 
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an active test sample of 0.089 x 0.097 meters (3.50 x 3.80 inches). The wedge 
test sample occupied the surface running length interval (referenced from the 
stagnation line) from 0.031 to 0.142 meters (1.20 to 5.60 inches) for the com- 
plete sample and 0.053 to 0.142 meters (2.10 to 5.60 inches) for the active 
sample. 

For all mOdels, the test sample plus backup insulator was 0.025 meters 
(1 inch) thick. The backup insulator was Silfrax, which is a pure silica foam 

with a nominal density of 481 kg/m3 (30 lb/ft3). 

All model designs incorporated a quick test sample change capability for 
optimum testing efficiency. The test samples were removed simply by removing the 
retention pins which engaged the tabs on the test samples (Figures 6 and 7). For 
the wedge model, a transverse tungsten rod across the entire width of the model 
retained the leading edge of the test sample. This approach allowed for free 
transverse thermal expansion with no loss in retention. The backup insulator 
remained untouched and in place during sample removal and installation. Spring- 
loaded thermocouples were used to eliminate the requirement for disconnecting 
instrumentation leads. 

4.3 INSTRUMENTATION AND DATA REDUCTION 

Instrumentation was provided and data reduction was performed to define 
arc heater and facility operating conditions, model boundary conditions, and 
test sample response (see Appendix C). The boundary conditions to which the teat 
samples were exposed were defined by centerline total enthalpy, stagnation or 
wedge pressure, and convective heat flux for both a catalytic wall and a non- 
catalytic wall. These measurements were made with calibration models and probes, 
including calorimeter and pressure tap instrumented models with identical con- 
figurations to the test sample models. 

The test sample response was defined quantitatively by measurements of 
surface temperature, surface recession, and weight loss, and qualitatively by 
photography. Surface temperature was measured with optical pyrometers, one of 
which was mounted on an oscillating mechanism which alternately viewed five lOCa- 

tions on the large test samples throughout each test. Back surf ace temperature 

was measured with spring-loaded thermocouples, and the temperature distribution 

in the backup insulator was measured at three depths below the surface through- 
out each test. Surface recession and weight loss were measured after test with 
a non-contact microscope micrometer (required to insure no disturbance to the 
delicate coatings and oxide films) and a semi-micro analytic balance, respec- 
tively. Qualitative test sample response was defined by pre- and postltest color 
photography. 
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4.4 TEST PROCEDURE 
'> 

Prior to the test sample tests, a calibration test series was performed 
to define the facility operating conditions required to achieve the desired test 
and model boundary conditions, and to completely characterize these test and 
model boundary conditions (Section 4.3). Model tests of the metallic test samples 
were then performed at the nominal test conditions presented in Table 2. The 
indicated heat flux - surface temperature correspondence applies for a fully 
catalytic surface with a surface emissivity of 0.85. The nominal surface tem- 
peratures were 1370' K (2000° F) for TD NiCr and 1590' K (2400° F) for coated Cb 
with variations below nominal for TD NiCr and above and below nominal for coated 
Cb. The simulation types (Section 3.1) were as follows: 

l TD NiCr 
Stagnation point - types l-2, 3 
Wedge - types l-2, 3 

l Coated Cb 
Stagnation point - types 1, l-2, 3 
Wedge - type 1 

Because of the low pressure required, no type 1 tests for TD NiCr were scheduled.' 
The pressure for all types l-2 and 3 tests is only slightly below the flight 
pressure and was chosen to optimize arc heater and facility operating conditions. 

Two samples were tested at each test condition: the nominal'procedures 
for the stagnation point models and for the wedge models are presented in Figure 
8. For the stagnation point tests, the first model was tested at the nominal 
heat flux of Table 2. If the surface temperature was significantly lower than 
nominal, the second model was tested at the heat flux which yielded the nominal 
surface temperature of Table 2. For the wedge tests, the test heat flux was 
necessarily lower than nominal in all cases to prevent failures on the upstream 
part of the test sample where the heat fluxes were significantly higher (Appendix 
C, Section 5.1.2). 

'This low pressure is within the Aerotherm operating envelope only for small 
model diameters for which considerable diffuser action can be achieved. 
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Material 

TD NiCr 

I 
R512E/Cb-752 

and 

VH-109/C12-Y 

TD NiCr 

R512E/Cb-752 and 

VH-109/C129Y 

Model 
Configurationa 

4 314 SP 

1 l/4 SP 

4 314 SP 

1 l/4 SP 

W 

TABLE 2 

NOMINAL TEST CONDITIONS 

a) SI Units 

Convective 
Heat Flux 

(W/m') 

1.59x105 

I 
6.36~10' 

1.59x105 

2.95x105 

1.59A105 

4.31x105 

2.95x105 

1.59x105 

Surface 
Temperature 

(OK) 

1370. 

I 
1090. 

1370. 

1590. 

1370. 

1760. 

1590. 

1370. 

a4 3/4 SP -f 0.121-meter diameter flat face stagnation point model 

i 1 l/4 SP + 0.0318-meter diameter flat face stagnation point model 

1 W -f wedge model 

I 

Simulation 
Type 

l-2 

3 

l-2 

1 

l-2 

3 

l-2 

1 

l-2 

3 

1 

Total 
Enthalpy 

(J/kg) 

1.42~10~ 

6.28~10~ 

8.37~10' 

4.77x107 

2.47~10~ 

I 
1.42~10~ 

3.60~10~ 

1.38~10~ 

4.77x107 

1.80~10~ 

I 
4.77x107 

Stagnation 
or Local 
Pressure 

(N/m2) 

1013. 

203. 

1013. 

203. 

1013. 

I 
608. 



_.,. 

TABLE 2 (CONCLUDED) 

b) Conventional Units 

R512E/Cb-752 and 

VH-109/C129Y 

R512E/Cb-752 and 

VH-109/C129Y 

"4 314 SP + 4.75-inch diameter flat face stagnation point model 

1 l/4 SP + 1.24-inch diameter flat face stagnation point model 

W + wedge model 
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SECTION 5 

RESULTS AND DISCUSSION 

The response characteristics of TD NiCr and coated Cb were defined for 
flight conditions and for representative ground test conditions. This defini- 
tion for flight conditions was accomplished by analytical techniques; this defi- 
nition for ground simulation test conditions was accomplished by both analytical 
and experimental techniques. These results were correlated to define the valid- 
ity of the analytic and test techniques and to recommend the optimum test approach 
for evaluating metallic TPS response for application to flight. The overall pro- 
gram results, together with the actual flight conditions and the appropriate 
simulation test conditions, are presented and discussed in this section. Addi- 
tional details are included in Appendices A through C. 

5.1 FLIGHT AND TEST BOUNDARY CONDITIONS 

The flight boundary conditions were defined for the fuselage windward 
symmetry plane and the wing windward 40 percent semi-span plane of the H-33 
vehicle, and test boundary conditions were defined for flat-face stagnation 
point models with a range of body diameters and for a wedge model. The analysis 
procedures employed are outlined in Section 3.1; the results are presented in 
the following subsections. 

5.1.1 Flight Conditions 

The vehicle stagnation conditions and wing leading edge pressure are in- 
cluded in Table 1. The latter corresponds to the geometric leading edge (ref- 
erenced to the 29O angle of attack) and is less than the stagnation pressure due 
to the transverse flow along the stagnation line caused by the sweep of the wing. 

The pressure ratio (local pressure over stagnation pressure) is presented 
in Figure 9 versus surface running length for the fuselage symmetry plane and 
wing 40 percent semi-span plane. Note that this pressure ratio is insensitive 
to Mach number and therefore to time during the entry trajectory within the flow 
field assumptions employed. 

The computed results for all other flight conditions are presented in 
Figures 10 and 11 versus surface running length for the fuselage and wing, re- 
spectively. The regions of application for TD NiCr and coated Cb are indicated, 
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these regions corresponding to the fully catalytic wall heat flux and resultant 
surface temperature presented. Peak heating corresponds approximately to case 2, 
which is 800 seconds into the reentry trajectory (Table 1). Transition to tur- 
bulent flow is not expected to occur on the vehicle until well after peak heating 
(f3 > 1800 seconds). 

In order to allow an evaluation of test simulation conditions, a set of 
reference conditions for both TD NiCr and coated Cb were defined and are presented 
in Table 3. These conditions were for peak heating and at the locations for 
which the surface temperatures were 1370' K and 1590° K (2000' F and 2400 OF), 
respectively. Except for Mach number, these conditions were essentially the 
same for both the fuselage centerline and the 40 percent semi-span location on 
the wing (Figures 10 and 11). 

5.1.2 Test Boundary Conditions 

The definition of test boundary conditions assumed that heat flux is du- 
plicated at the peak heating values appropriate to the application of the metallic 
TPS materials (Table 3). This boundary condition definition was performed for 
the following model configurations (e.g., see Figures 6 and 7): 

0 Flat face stagnation models 
- O.lZl-meter (4.75-inch) body diameter with 0.0032-meter (0.125-inch) 

cornTr radius 
- 0.032-meter (1.25-inch) body diameter with 0.0032-meter (0.125-inch) 

corner radius 
- 0.0095-meter (O-375-inch) body diameter 

l Wedge model - 30° half angle with 0.013-meter (0.5-inch) nose radius 

where the first stagnation point model and the wedge model are appropriate to 
testing in a nominal 1 Mw test facility and the last two stagnation point models 
are appropriate to testing in a nominal 100 kw test facility. 

Typical computed distributions of properties on the test models are pre- 
sented in Figures 12 and 13 for the stagnation point and wedge models, respec- 
tively. The stagnation point configuration provides laminar, subsonic (M 9 0) 
conditions on the test model. The heat flux, pressure, and momentum thickness 
are approximately constant, and the Mach number and shear are increasing with 
radial distance. The wedge configuration provides laminar, supersonic (M > 1) 
conditions on the test model. The pressure and Mach number are constant (down- 
stream of the nose region), and the heat flux and wall shear are decreasing 
(- .s- 1/2 ), and the momentum thickness increasing with running length from the 
stagnation line. 
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TABLE 3 
REFERENCE FLIGHT CONDITIONS 

a)- SI Units 

Flight .Parameter TD NiCr 

Total Enthalpy - J/kg 
Catalytic Wall Heat Flux - W/m2 
Pressure - atm 
Heat Transfer Coefficient - 

lb/ft2sec 

4.8 x 10' 4.8 x 10' 
1.59 x 105 2.95 x 105 

.012 .012 
.0013 .0024 

Elemental Mass Fraction of 0 
Partial Pressure of 0 - N/G 
Partial Pressure of O* - N/m2 
Local Mach Number (Fuselage/Wing) 
Momentum Thickness - meters 
Shear - N/m2 
Ratio of Fully Noncatalytic Wall 

to Fully Catalytic Wall Heat 
Flux 

.235 

3.14 i 102 
1.251.70 

6.71 x 1O-3 
8.62 
.25 

T 

.235 

3.14 :: 102 
1.00/.70 

4.27 x 10" 
14.36 

.25 

Coated Cb 

TABLE 3 (CONCLUDED) 

b) Conventional Units 

Flight Parameter TD NiCr Coated Cb 

Total Enthalpy - Btu/lb 
Catalytic Wall Heat Flux - 

Btu/ft2sec 
Pressure - atm 
Heat Transfer Coefficient - 

lb/ft2sec 
Elemental Mass Fraction of O2 
Partial Pressure of O2 - atm 
Partial Pressure of 0 - atm 
Local Mach Number (Fuselage/Wing) 
Momentum Thickness - feet 
Shear - lb/ft2 
Ratio of Fully Noncatalytic Wall 

to Fully Catalytic Wall Heat 
Flux 

11,400 11,400 
14 26 

.012 ,012 
.0013 .0024 

.235 .235 

.oo& .OO!l 
1.25/.70 1.00/.70 

,022 .014 
.18 .30 
.25 .25 
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For purposes of defining reference conditions on all models at all simu- 
lation test conditions, the following locations were employed: 

l Stagnation point model - r/r, = 0.25 

l Wedge - s/L = 0.69 

where the wedge location is the center of the active test sample as described in 
Section 4.2. These results are presented in Tables 4 and 5 for TD NiCr and 
coated Cb, respectively, and are compared with the calculated flight conditions 
defined above (Table 3). The comparisons with flight conditions are also sum- 
marized qualitatively in Table 6. These results and comparisons are presented 
for the four simulation types identified in Section 3.1: 

l Type 1 - Duplication of all heat transfer and mass transfer param- 
eters (air environment) 

l Type 2 - Duplication of heat flux and pressure (air environment) 

l Type 3 - Duplication of heat flux, mass flux, and pressure (non-air 
environment) 

l Type l-2 - Compromise between types 1 and 2, which optimizes test 
conditions (air environment) 

Comparisons between model configurations and flight conditions (Tables 4 
through 6) indicate that the wedge configuration provides test conditions which 
more closely duplicate those of flight. The heat flux on the test.sample is 
variable, however, (Figure 13) and the definition and measurement of test con- 
ditions and material response is less accurate because the flow field and boundary 
conditions are more difficult to accurately characterize.' For the stagnation 
point model, the heat flux is essentially constant (Figure 121, and the flow 
field and boundary conditions are accurately defined. Note that the quality of 
simulation decreases with decreasing stagnation point model size (Tables 4 and 5). 

Comparisons between simulation types and flight conditions (Tables 4 and 
5) indicate that type 1 simulation offers duplication of the most flight condi- 
tions. The quality of simulation depends on the important TPS response charac- 
teristics, however. If pressure is not significant to the response, type 1 simu- 
lation is in fact the most attractive. However, for small diameter models the 
resultant test pressure may be too low; it may be below the test facility vacuum 
pumping capacity or it may result in slip or free molecule flow conditions which 
are unacceptable for TPS materials testing. Type 1-2 simulation represents an 
attractive compromise for such cases. Type 2 or 3 simulation. is attractive in 

'Also for a given test section size higher arc heater power input is required 
for the wedge model to achieve the same heat flux as for the stagnation point 
model. 
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TABLE 4 

TEST CONFIGURATION CONDITIONS 

TD NiCr 

a) SI Units 

-a- -r 
Flight or 

Test Parmeter 

Simlatlon Type 1 Simlation Type 2 Slulatlon Type 1-2 
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0 
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0 
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0 
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-_- 
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0 
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4.05x102 1.92x102 .05x102 
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0.10 
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_I^ 
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0.44 0.54 

- 

0.U 

- 
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I 
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0 
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-- 
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0 
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TABLE 4 (COnCLUaD) 

b) Conventional Units 

Fllght or 
Test Paremeter 

Simulation Type 1 

Flat Face Stagnation 
Point Clde.1 

Slnwlatlon Type 2 

Flat Face Stagnation 
Point Model 

Sllarlation Type 3 

Flat Face Stagnation 
Point Model 

F11gM 

14 

0.012 

0.0042 

0.235 

0 
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0.56 

0.44 
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0.0056 

0.60 

0.63 
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14 14 14 
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0.235 q.235 0-s 235 

0 
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7 

14 
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1.10 

~.OlOi 

.45 

.I 
-?b-r 

l 

I I 

I 

9 

5 m 

0 

0 

0 

0, 
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Catalytic Hall Heat 
Flux - Btu/ft'sec 
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Heat Transfer Coeffl- 
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Partial Pressure of 
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0 
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14 
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0 
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14 

0.000056 

0.0013 

0.235 

0 
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14 
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0 
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14 
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0.0018 

0.12 
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14 

0.012 
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0 
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0.10 

0.0008 

0.19 
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'Ibwntm Thickness 
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TABLE 5 

TEST CONFIGURATION CONDITIONS 

COATED Cb 

a) SI Units 

II 
Simulation Type 2 

Flat Face stagnation, 
Point Model 

Uedge 
ilodel 

- 

t 

1 
light 

.Simulation ;ype l-2 
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TABLE 5 (CONCLUDED) 
b) Conventional Units 

t 

1 
Flight or 

Test Parameter 

Model Body Diameter -inch 

Total Enthalpy - Btu/lb 

Catalytic Wall Heat Flux 
Flux - Btu/ft'sec 

Pressure - atm 
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TABLE 6 

COMPARISON OF TEST AND FLIGHT CONDITIONS 

Boundary Condition 
or Parameter 

Type 1 Type 2 Type 3 Type l-2 

Stag Pt Wedge Stag Pt Wedge Stag Pt Wedge Stag Pt 
Model Model Model Model Model Model Model Fit%! 

Heat Flux = = = = = = E z 

Enthalpy s = << < << < < < 

Heat Transfer Coefficient - = >> > >> > > > 

Total Pressure << < E = = = < < 

Partial Pressures << < = = < < < < 

Oxygen Mass Fraction E = 1 = < < = z 

Mach Number < = < = < = < = 

Momentum Thickness = = << << << << < < 

Shear << > < > < > < > 

Catalycity Ratio = = > > > > > > 

Merits 

Compromise 

All heat flux Total pressure Diffusion con- Closer-to-flight 
and diffusion duplicated trolled mass simulation of 
controlled mass flux and total all variables no1 
flux variables pressure dupli- duplicated in 
duplicated cated at lower other types 

enthalpy 

Possible dif- Diffusion con- Possible dif- Combination of 
ferences in sur- trolled mass ferences in Types 1 and 2 
face catalycity flux enhanced, molecular spe- 
effect, pres- possible differ- ties composi- 
sures may be ences in molecu- tion and sur- 
unreasonably low lar species corn- face catalycity 

position and effect 
surface cataly- 
city effect 

All symbols indicate test conditions relative to flight conditions: : Same by definition; = Approximately 
the same; > Greater than; >> Much greater than; < Less than; << Much less than. 



cases where pressure, or diffusion controlled mass flux and pressure, respec- 
tively, are important to the TPS material response. 

The analytic and test results which follow allow a more definitive dis- 
cussion of test model configuration and simulation type trade-offs and a selection 
of the most attractive configurations and types. 

5.2 ANALYTICAL EVALDATION 

The thermochemical and thermal response characteristics of TD NiCr and 
coated Cb were defined for typical flight and ground test conditions employing 
the computer techniques presented in Section 3.2. The results are presented in 
the following subsections. 

5.2.1 TD NiCr Thermochemical Response 

Based on the simplified constraint of equilibrium surface reactions for 
the bare TD NiCr alloy, the ACE code predicts that the prevailing surface species 
(i.e., the primary oxide of the oxide film) is Cr203 * for surface temperatures 
greater than approximately 1340" K (1950° F) and is NiO* for all lower tempera- 
tures. Even though the physical.complexities of oxide film formation (Section 
3.2.1) are ignored in this prediction, these results agree qualitatively with 
the detailed model of Section 3.2.1. 

At present the OFFA code is capable of treating the formation of only one 
oxide at a time. Therefore, separate results are presented below for the forma- 
tion of both NiO* and Cr203* oxide scales. The Cr203* results are representative 
of the overall shuttle application; the NiO* results are representative only of 
the initial response in the first cycle of exposure. 

Figure 14 illustrates the nondimensional ablation rates as a function of 
surface temperature for both NiO* and Cr203 * films exposed to air at 1013 N/m2 
(0.01 atm). The ACE code was used to obtain these results. The ablation rates 
are seen to be very strong functions of temperature. Further, in the tempera- 
ture range of interest, 1370to 1920" K (2000to 3000° F), the NiO* film ablates at a 
rate considerably higher than that for the Cr203* film. The influence of pres- 
sure on the ablation rate was found to be relatively minor; for a 100 percent 
increase in pressure, BA decreases approximately 30 percent when the oxide film 
is Cr203*. Note that this result indicates that type 1 simulation is acceptable 
or even preferred for TD NiCr in that pressure is not an important variable and 
its effect is such as to yield conservative results thermochemically (lower 
pressure than flight yields a higher mass loss rate 'than flight). Further, the 
mass change rates are sufficiently low that there are no critical thermochemical 
constraints on the selection of simulation type. 
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Figure 14. Thermochemical Response of TD NiCr (Bare and with Cr203* 
and NiO* Scales) and Coated ColumbiLuv (R512E and VH-109) 
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Also included in Figure 14 is the nondimensional ablation rate predicted 
by the ACE code for bare TD NiCr in air at 1013 N/m2 (0.01 atm). In this calcu- 
lation the elemental composition of the exposed surface was taken to be that of 
the bare TD NiCr alloy. As noted above, the controlling species is NiO* to 
about 1340" K (195OO F) and Cr203* at higher temperatures. This worst case 
situation, which ignores the effect of the oxide scale, indicates the expected 
higher mass loss rate. 

Figure 15 illustrates the surface movement and film thickness change as 
computed by the OFFA code for thirty heating/cooling cycles, assuming the oxide 
film is Cr203*. The first half of each cycle is comprised of 30 minutes of 
heating, in which the surface temperature is increased from 290' K to 1370° K 
(70° F to 2000' F) in the first two minutes and is held constant at 1370° K 
(2000" F) until 30 minutes have expired. The second half of the cycle is a 
30 minute cooldown period during which the surface is assumed to radiate as a 
black body to the surroundings. The initial oxide thickness was taken to be 
3.15x10-6 meters (1.24~10~~ inches). After thirty cycles, the oxide film thick- 
ness has increased by roughly 3 percent and the surface position is essentially 
unchanged. It is evident that the thermochemical ablation rate for this case 
(see Figure 15) is smaller than the oxide film formation rate, so that the TD NiCr/ 
Cr203* composite is predicted to remain intact over many cycles. The similar re- 
sults assuming an NiO* oxide film are qualitatively and quantitatively similar. 

Predictions were also obtained for the response of NiO* and Cr 0 * films 23 
for higher surface temperatures corresponding to more severe heating conditions. 
For the Cr203* film , it was found that even when the surface temperature is as 
high as 1920' K (3000° F) the predicted thermochemical ablation of the oxide is 
much smaller than its rate of formation, so that the TD NiCr/Cr203* composite 
remains intact over many cycles at the higher temperature. For the NiO* film, 
however, it was found that at a surface temperature of 1810° K (2800“ F) the 
entire TD NiCr/NiO* composite would be consumed in roughly thirty cycles due to 
the excessive rate of thermochemical ablation of the exposed surface of the 
film. 

Figure 16 presents the weight gain histories associated with the oxide 

film histories for a Cr203* film (Figure 15) and a NiO* film. A net weight gain 

is predicted for both scales, but the resultant rates are so small as to be _ 

negligible in terms of the shuttle application. 

5.2.2 Coated Cb Thermochemical ResPonse 

The ACE code was also used to compute nondimensional mass loss rates for. 
coated columbium. At a surface temperature of 1590' K (2400° F), this nondimen- 

sional ablation rate never exceeded 10" for both R512E and VH-109 coatings 
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Figure 16. Mass Change for TD NiCr at 1366*K (2000'F) 
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(see Figure 14). The loss rate for both materials was found to be roughly in- 
versely proportional to pressure for fixed surface temperature. Because of the 
extremely low ablation rates, surface recession was assumed to be negligible in 
the CMA code computations of thermal response. The surface species controlling 
the coatings response,and therefore the prevailing surface species, as predicted 
by the ACE. code were Cb205 * for the R512E coating and Hf02* for the VH-109 coat- 
ing. Note that because of the extremely low mass loss rates there are no sig- 
nificant macroscopic thermochemical constraints on the selection of simulation 

type - Significant differences in microscopic response and surface species may 
occur however with differences in simulation conditions. Also failure for coated 
columbiums is typically related to local coating degradation and subsequent cata- 
strophic thermal or oxidation failure of the columbium substrate. 

5.2.3 TD NiCr Thermal Response 

Figure 17 illustrates one-cycle temperature profile histories for the 
TD NiCr/Cr203* composite at the heating rate corresponding to a maximum surface 
temperature of 1370* K (2000* F). During the first half of the cycle (heating), 
the temperature profile is essentially unchanged after 450 seconds elapsed time. 
Similarly, after 450 seconds of the cooling half of the cycle, the temperatures 
throughout the metal and insulation have decayed to roughly ambient temperature. 
The maximum temperature attained at the insulation backwall is 580' K (590' F). 
Temperature profile histories for the TD NiCr/NiO* composite are almost identical 
to those presented in Figure 17, since the thermophysical properties of the oxide 
film are essentially the same. 

5.2.4 Coated Cb Thermal Response 

Figure 18 illustrates one-cycle temperature profile histories for coated 
Cb at a heating sate corresponding to a maximum surface temperature of 1590' K 
(2400* F). The thermal response is similar to that of the TD NiCr/Cr203* com- 
posite. That is, during heating and cooling, the profile attains essentially 

its steady-state value within 450 seconds elapsed time. The maximum insulation 

backwall temperature is 650* K (710* F). 

5.3 EXPERIMENTAL EVALUATION 

The thermochemical and thermal response characteristics of TD NiCr and 
coated Cb were studied through flowing air tests over a range of reentry simula- 
tion test conditions. The experimental procedures presented in Section 4 and 
the simulation approaches presented in Section 5.1 were employed. The results 
are presented in the following subsections. 
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5.3.1 Calibration Tests 

The basic test conditions defined by the calibration test series are pre- 
sented in Tables 7 and 8 for the stagnation point and wedge models, respectively. 
Typical distributions of properties across the test stream and test models are 
shown in Figures 19 through 21' as follows: 

0 Test stream distribution, condition 9 - Figure 19 

l Model distributions 
- Stagnation point, condition 9 - Figure 20 
- Wedge, condition 5 - Figure 21 

The surface catalycity calibration results for all type l-2 simulation 
conditions on the 0.121-meter (4.75-inch) diameter stagnation point model are 
presented in Figure 22;' The theoretical minimum heat flux ratio corresponding 
to a completely frozen boundary layer and a completely noncatalytic wall is also 
indicated in the figure. Note that the shape of the theoretical limit curve and 
the curve which was fit to the test data and for which the theoretical curve was 
used as a guide is related to the two dissociation regimes - O2 at low enthalpy 
and N2 at moderate to high enthalpy.' These results are discussed in the follow- 
ing subsection together with the corresponding test sample results. 

5.3.2 Sample Tests 

The sample test results are summarized in Tables 9 and 10 for the stagna- 
tion point and wedge models, respectively. Tabulated test condition and sample 
response parameters which require additional description are presented in Table 
11. A more detailed tabulation of results is included in Appendix C. 

In addition to the overall response characteristics presented in Tables 9 
and 10, surface temperature response and backup material in-depth temperature 
response were defined as a function of time through each cycle. Typical surface 
temperature histories are presented in Figure 23, and a typical temperature dis- 
tribution through the Silfrax backup material is presented in Figure 24. From 
the latter figure and the similar results for other tests, the conduction loss 
to the backup material was always less than 5 percent of the net convective heat 
flux to the surface. Also from Figure 24, the extrapolation of the in-depth 
temperatures indicates good agreement with the pyrometrically measured surface 
temperature. The extrapolated surface temperature is slightly above the measured 

'The complete set of results in included in Appendix C. 
'These dissociation regimes were defined for the test pressure of 1013 N/m2 (0.01 

atm) by the ACE code. 
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TABLE 7 
CALIBRATION RESULTS FOR NOMINAL STAGNATION POINT MODEL TEST CONDITIONS 

a) SI Units 

Desired Test Conditions Actual Test Conditions 
- Avera e Enthalpy 

Partially Fully a J/b) 
Catalytic Heat Catalytic Air 

Condition Simulation 
Arc 

Total Stagnation Wa;;";;at Surface Flux Stagnation Wa;;";;at Energy 
No. 

Mass Flow Heater 
Type Enthalpy Pressure Temp Enthalpy Pressure Balance Balance Rate Current Test Nos. 

(J/b) WmZ) Wm2) (OK) (J/W (N/m’) (W/m21 (kg/se4 (A) 

1 l-2 1.42~10' 1013.2 1.59x1D5 1370 1.38~10' 1013.2 1.83~10~ l.lDxlD' l.lDxlO' .0109 411 2058, 2059 
2065, 2068 

2 3 1.51x107 2.01x105 1.18~10' - 2060, 2066 
2067 

3 l-2 0.63~10' 0.64~10~ 1090 0.81~10' 1114.6 1.10~10~ 0.62~10' 0.77~10' .0172 286 2058, 2059 
2065, 2068 

4 0.84~10' o.79x105 137Db 0.83~10' 1.13~10~ 0.75~10' 0.92x10' .0150 319 2059, 2065 
2068 

8 1 4.77~10' 202.6 2.95x1D5 1590 5.86~10' 192.5 3.43~10~ 3.87xlD7:,3.51x107. .0012 896 2063, 2064 
2069, 2070 

9 l-2 2.47~10' 1013.2 2.77~10' 1013.2 3.64~10~ 1.88~10' 2.26~10' .0073 642 2065, 2068 

10 3 3.61~10' 911.9 4.64~10~ 2.20~10' - 2066, 2067 

11 l-2 3.60~10' 4.31x105 1760 4.87~10' 1013.2 6.54~10' 2.41~10' 3.22~10' .0060 814 2059, 2065 
2068 

12 1.38~10' 1.48~10~ 1590b 1.38~10' 1013.2 1.83~10~ 1.10x10' 1.30~10' .0109 411 2058, 2059 
2065, 2068 

a) Indicated heat flux Is for a 0.121-meter diameter calfbration model; actual sample test model diameter identical except 
for test conditions 4 and 12 for which model diameter was 0.0318 meters and therefore actual sample test heat flux was 
a factor of 2 higher. 

b) Indicated temperature is for a 0.0318~meter diameter sample test model. 



TABLE 7 (CONCLUDED) 
b) Conventional Units 

i 

I 

1 

Condition 
No. 

7 

2 

3 

4 

8 

9 

10 
11 

12 

Desired Test Conditions 

Pressure 

M-J 

I Actual Test Conditions 

Fully 
I Average Enthalpy 

(Btu/lb) 
Catalytic Air Arc 

Stagnation Wall Heat Energy Mass Flow 1 Heater _ - . . . Pressure 

-4 (Btu/lb) 

I EnttiaJpY 

3,300 

Fluxa ---I ( Btu/ 
ft2sec) 

Balance Balance lest NOS. 

0.010 

0.002 

0. 10 

i 
0.011 

76.7 2,630 

17.7 2,830 

9.7 1,470 

10.0 1,790 

30.2 9,260 

32.1 4,500 
40.9 5,250 
57.6 5,760 

76.7 2,630 

3,100 

Rate 

(lb/set) 

~ 0.024 

Current 

(amps) 

411 2058, 2059 
2065, 2068 
2060, 2066 
2067 
2058, 2059 
2065, 2068 
2059, 2065 
2068 
2063, 2064 
2069, 2070 
2065; 2068 
2066, 2067 
2059, 2065 
2068 
2058, 2059 
2065, 2068 

IYPe 

l-2 

3 

1-2 

1 

1-2 
3 

l-2 

I 

tntnalpy 

(Btu/lb) 

3,400 

1,500 

2,000 

11<400 

5,900 

I 
8,600 

3,300 

0.010 

2,0DDb 

26.0 2,400 

38.0 2,700 

13.0 2,400b 

3,610 

1,930 

1,980 

14,000 

6,620 
8,620 

11,650 

3,300 

0.0019 

0.010 
0.009 
0.010 

0.070 

1,850 D.D38d 

2;2OD 0.0330 

8,400 0.0027 

5,400 0.0160 

7,700 

3,700 

0.0732 

0.024 477 

I 

286 

319 

896 

642 

I 
874 

a) Indicated heat flux is for a 4.75-inch diameter calibration model; actual sample test model diameter identical 
except..for.test conditions 4 and 12 for which mode7 diameter was 1.25 inches and therefore actual sample test 
heat flux was a factor of 2 higher. 

b) Indicated temperature fs for a 1.25-inch diameter sample test model. 



TABLE 8 

CALIBRATION RESULTS FOR NOMINAL WEDGE MODEL TEST CONDITIONS 
a) SI Units 

1013.2 D.98x105 

73 1 4.77+7 608.0 2.95x705 7590 4.71~10~ 2127.8 405.3 2.76~10~ 

"Local pressure and heat flux are at the central position of the 
active test sample (s= 0.098 meters, see Figure 8). 

a, 

Arc 
Heater 
Current 

2.41~10' -- .0586 387 

1.68x107 -- .234 483 

1.46~10' -- 1 486 

4.66x107 -- .0976 895 



I 
-i 

TABLE B (CfflCLUDED) 

b) Conventional Unfts 

I I Desired Test Conditions" I Actual Test Conditionsa 1 Average Enthalpy( I I 
1 

Partially Fully ' 
Condition Simulation Total Local Catalytic Surface ~~~~ Stagnation Local Catalytic - Air 

No. Type Enthalpy Pressure Wall Heat Temperature Enthalpy Pressure Pressure 
C,,." 

WaF,teat Energy Mass 
Balance Balance 

(Btu/lb) (atm) (atm) (Btu/ft2sec (lb/set) (amps] 

9,850 0.011 0.002 13.4 5,750 - 0.012 387 

4,900 0.025 0.009 11.8 4,020 - 0.848 483 

4,780 0.010 8.6 3,500 - 486 

11,250 0.021 0.004 24.3 11,150 - 0.020 895 

5 

6 

7 

13 

I ,“A 

(Btu/lb) (atm) (Btu/ft2sec) (OF) 

11,400 0.002 14.0 2,000 

4,300 0.010 

I I 
11,400 0.006 26.0 2,400 

a) Local pressure and heat flux are at the central portion of the active test sample (s = 3.85 inches, see Figure 8) 

I-- 2156 

2148 

2149 

2148 



TEST 2065-4 

.8 

.6 

.4 

.2 

0 

cl Ps 
0 qc 

0 
Note : Filled symools indicate 

position on opposite 
side of primary traverse 

0 

F. 

.2 .4 .6 .8 1.0 

Dimensionless Nozzle Radius, R/R, 

Figure 19. Typical‘Test Stream Distribution Results 
(Condition 9) 

58 



TEST 2065-4 

1.4 

1.2 

.8 

.6 

.4 

.2 

0 

I 
Notes: C reference for pressure ~ 

is that measure'd by pitot, 
probe. 
Flagged symbols indicate 
locations 90" either side 
of radial line defined 
by primary locations. 

I 

0 

Q 

.2 .4 .6 .8 1.0 

Dimensionless Model Radius, r/re 

Figure 20. Typical Stagnation Point 
Model Distribution Results 
(Condition 9) 

59 

-_ _-.. ~A.--------~-- 



Test 2156 
3c 

25 

20 

gb 
7- 
Lx 
$2 qE 15 

10 

5 

0 

Note: Filled symbols indicate 
location on opposite 
side of wedge. 
Flagged symbols indicate 
locations either side * 
of wedge centerline. 

I 1 I 

,.925 

.0020 

,0015 

0010 

0005 

0 
.2 .4 .6 .8 1 .o 

Dimensionless Running Length, s/L 

Figure 21. Typical Wedge Model Distribution Results 
(Condition 5) 

:50 

00 

i0 

0 

60 



1.0 

0 

6.121 meter (4.75 in,) Diameter Model 
Type l-2 Simulation 

\ . . -- I -- -- ---_ 
-I Diss00:latio& L+ Disskation +j 

5000 
Btu/lb 

10,000 

I 
0 

I I 1 

2 x 10' 4 x 10' 6 x lo7 
J/h! 

Total Enthalpy 

Figure 22. Surface Catalycity Calibration Results 





lITIONS AND RESULTS~klR STMMTIM( POINT WXlEL TESTS 

a) SI Units 

Surface 
Temperatur 

(OK) 

‘9 
I 

Oxygen Pertlal 
Pressure 

o/o2 

(N/m=) 

Neat 
Transfer 

Cocfficicnt 

(kg/dsec) 

Probable 
Emissivity 

t-1 

Rpparent Net 
Convective 

Flux to Yall 

W/m2) 

Surface 
Catalycity 

Ratio 

t-1 

Average Average 
Nas5 Surface 

Change Recession 
Rate Rate 

(kg/m*sec) Wet) 

“E 
Fraction 

Stagnation 
Pressure 

(N/m*) 

Commants 

1290 
1370 

igi 

1370 

13 0 7 
i% 
1380 
1370 

Ki 
1250 
1380 

1460 
1390 
1370 
1520 
1500 
1530 
1580 
1510 
1590 
1510 

:ii 

:z 
1620 
1350 
1570 

:z 
1420 
1430 

:zl 
1430 
1590 
.1410 
1550 
1270. 

:z 

;si 
1590 'h 

I 

I 
/ 

I 

I 
I 

I 

1 
, 

j 

I 

I 

3.06 x lo-‘ 
10-s 

1.41 x lo-' 
3.06 x -4.23 I 

:.:; ," $2.03 x 10' 
me 

I 

9.42 x 10' 
1.04 x 10' 

1:03 :-ii 

1.06 x 10' 
1.03 
1.M 

I 
1.03 
1.00 
9.93 x 1 * 
1.06 x 10' 

I 
1.04 I 
1.62 x 10' 

1.62 
1.57 
1.52 
1.42 

I 
9.22 
I 

9.52 

l!Cll x 11’ 

::: 

:-ii 
1:07 

.74 

.76 

.82 

.77 

.71 

.70 

2.34 x 10-r 

'-f" x 
2. 9x 

1 
2.44 x 

2.44 x 10-a 

2. 9x 

2. 
f 

4 x 

6.34 x 10-r 
4.88 x 10-a 

6.22 x 1O-5 -2.12 x lo-' 

2.22 x lo-‘ -2.26 x 10-O 

2.76 x lo-' 
2.22 x lo-‘ 
2.50 x ) 
5.56 x lo-' 
8.33 0" ] 

I 

-6.21 x lo-' 

1.44 x 1o-s 
1.44 x ( 
1.58 x ' 

1.41 x 1 
-1.69 x 10-O 

7.06 x 10-s 
-8.47 x 
-9.88 x 
-2.82 x 

1.41 x 
-4.23 x 
-9.88 x 

4.17 x lo-' 
2.19 x 10-s 
6.81 
1.94 x 
1.72 x 
1.92 x 
2.08 x 
1.39 x 
9.44 x lo-' 
2.48 x 10-s 
3.36 x ( 
:A; :.'I-' 

-7.06 x 10-l' 
-2.26 x lo-' 

-2.82'~ lo-' 
5.64 x 

-1.27 x 
-4.23 x 

1.13 x 
-8.47 x 
-1.41 x 
-7.06 x 

8.47 x 
-2.82 x 

8.33 x lo-' 
8.61 x 10-C 
9.17 x 
4.44 x 
5.28 x 
5.55 x 
9.17 x 
6.11 x 
3.06 x 
2.33 x lo-' 
1.03 x 1 

0 
-2.12 x lo-' 
-1.13 x 

1.13 x 
-1.41 x 1 -' 
-1.27 x lo-' 
4.23 x lo-' 

-1.41 x 

' I -5.64 x 
-1.55 x lo-' 

.232 

.2 !32 

i 
I 

!32 

.a 

.2 

.a 

.2 

62 
I 

132 

1.17 x 105 
1.51 
1.55 
1.51 
1.43 
1.51 

3.34 ; lOI/ -- 
3.44 x 

I 
lo=/ -- 

3.u x lO'/l.Ol x 10' 
3.34 x lO'/-- 
3.34 x 10*/1.01 x 10' 

I 
1.22 x 

I 
lO'/-- 

1.01 x 10*/1.52 x 102 
I 

1.22 x 10'/1.32 x 101 
1.72 x lO*/l.Ol x 10' 

4.05 

I 

lO'/-- 

3.04 x 

I 

lo*/-- 

2.94 x lo*/-- 
2.84 x lo=/-- 
8.11 x lo'/-- 
7.09 x lO'/-- 
2.84 x 10*/3.0) x lo- 
3.44 x lO'/- 
2.53 x 

I 
lo'/-- 

3.14 x lo*/-- 
3.44 x 1oa/-- 
4.05 x 

I 

lO'/-- 

3.D4 x lO'/-- 
I 

:.E ,” m;;-- __ 
;:g ; m;;-- 

2:94 x lo'/:: 
3.55 x lo"/-- 
2.74 x 

3.34 ? 

lOa/-- 

Sample failed 
at 20 min 

l-P1 x 
1.53 
1.49 
1.53 
1.51 

0.78‘ 
0.70 
1.03 
1.55 

1.91 
1.58 

Ei 
2:19 
2.32 
2.63 
2.21 
2.71 
2.21 
2.68 
1.17 
1.46 

E-ii 
1:41 
2.60 
1.43 
2.09 
1.74 
1.79 
1.71 
1.61 
1.77 
2.71 
1.69 
2.38 

:-if 
2175 
2.68 
1.24 
2.63 

I 

.a 

.2 

.81 

.80 

.83 
,.80 
.81 
.69 
.55 
.92 
.82 
.56 
.71 

9.76 x 1 
1.02 x 1 

i 9.6x1 
8.79 x 
9.28 x 
8.79 x 
2.9x1 

P 
2. x 

r 2. 9x 
2.44 x 
2.34 x 
2.44 x 
2.39 x 
2.44 x 
1.02 x 
9.76 x 1 
9.28 x 

8. 5 9 x 
.I 

2.54 xl 
2.29 x 

I 
2.34 x 

I 
2.24 x 
2.39 x 
2.2) x 
2.34 x 
2.49 x 

.58 

.47 

.65 

.61 

.59 

.62 

.72 

.62 
-70 
.50 

.75 

.46 

.40 

.39 

.44 

.56 

.47 

.48 

.46 

.43 

.53 

.67 

:E 
.69 
.72 
.45 
.39 
.33 
.34 

..Y2z-Li 
I 63 

; 
. 

8 r ..;. ., 

.. 

‘: ;. - ‘- -: I- 

: ..; . . . .,. 
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TABLE9 
-Y d TEST.~&NDITIDNS AND RESULTS FOR ST&NATION POINT WDEL TESTS 

!- : i a) 51 Units 

- 

Average Average 
Surface 

Recession 
Rate 

(mlsec) 

Surface 
Cat..f,;ty 

t-1 

g.:; ," WV:'."" x 10' 
-_ 

I 
3.34 x lO'/ -- 
3.u x lo*/ -- 

l 

Oxygen Heat 
nass Transfer 

Fractlor Coefflclent 

Wm%ec) t-K) t-1 (U/m*) 

.232 

.232 

.J 
I 

.232 

2.34 x lo-' 
2. 

f 
4 x 

2. 9x 
B 

2.44 x 

2.14 x 10-z 

2. 9 x 

2. 
I 

4 x 

6.34 x lo-' 
4.88 x 10-t 

9.76 x 
1.02 x 

,062 

,232 

9. I 6 x 
8.79 x 
9.28 x 
8.79 x 
2. 9x 

f 
2; x 

r 2. 9 x 
2.44 x 

f-34 : 
2:39 x 
2.44 x 
1.02 x 
9.76 x 
9.28 x 

,062 
I 

,232 

8. 5 9 x 
.I 

2.54 x 
2.29 x 

I 
2.34 x 

1 
2.44 x 
2.39 x 
2.44 x 
2.34 x 
2.49 x 

Appannt Net 
Convective 

Flux to Ida11 
uass 

Chanae 
Surface Prbbable 

Temperaturq Emjssivity 
Hot Wall 

Stagnation 
Pressure 

W/m') (N/m') 

: uall 

13) 
_- 

xl' 

I I 

1.58 x 10' 
2.00 

:-ii 
2:02 
2.17 

10s 1.86x1 

i::. 
1.85 
1.87 
1.70 
1.78 
0.85 
0.86 
1.83 
2.19 

Ra& 
(kg/m%ec) 

.-~~_i, _ 

1.41 x lo-' 
-4.23 ' 

1290 
1370 

!E 
1360 
1370 

1.17 x 105 .74 
1.51 .76 
1.55 -82 
1.51 .77 
1.43 .71 
1.51 .70 

13 0 7 
i% 
1380 
1370 

.75 

.75 Y1 x 
1.53 
1.49 
1.53 
1.51 

1170 0.78 
1130 0.70 
1250 1.03 
1360 1.55 

1460 
1390 
1370 
1520 
1500 
1530 
1580 
1510 
1590 
1510 

;z 

;6% 
1620 
1350 
1570 
1360 
1490 
1420 
1430 
1420 
1390 
1430 
1590 
1410 
1550 
1270 
1370 
1590 
1580 

E-i 

1.91 
1.58 
2.38 
2.22 
2.19 
2.32 
2.63 
2.21 
2.71 
2.21 
2.68 
1.17 
1.46 

E 
1:41 
2.60 
1.43 
2.09 
1.74 
1.79 
1.71 
1.61 
1.77 
2.71 
1.69 
2.38 

;-z 
2175 
2.68 
1.24 
2.63 

9.42 x 102 
1.04 x 10' 
I 

:-ii! 
1:03 I 

3.06 x lo-' 
3.06 x lo-' 

%I 
.83 

,.80 
.81 
.69 
.55 
.92 
.82 
.56 
.71 

.58 

.47 

.65 

.61 

.59 

.62 

.72 

.62 

.70 

.50 

.75 

.46 

.40 

.39 

.44 

.56 

.47 

:Z 
.43 
.53 
.67 
.38 
.40 
.69 
.72 
.45 
.39 
.33 
.34 

6.22 x 1O-5 -2.12 x lo-' 

2.22 x lo-' -2.26 x 10-O 

3.29 
3.32 
3.68 
3.67 
3.70 
3.76 

::: 

:-ii 
5:31 
1.57 
1.95 
6.18 
7.39 
3.53 
6.59 
3.20 
3.70 
3.70 
3.76 

1 
3.71 

:-; 
La9 
6.14 

;:z 

E.:BO 

i:if. 

‘ 1.06 x 10' 
1.03 
1.04 

1!03 
l.OD 
9.93 x 1 1 * 
1.06 x 10' 

l'& 
i I 

3.44 x lO'/l.Ol x 10' 
3.34 x lo'/-- 
3.34 x lO'/l.Ol x 10' 

I 2.78 x lo-' 
2.22 x lo-' 
2.50 x ' 
;.g ; 17-7 

0 
I 

-6.21 x lo-' 
1.41 x ' 

-1.69 x 10-O 
7.06 x lo-' 

-8.47 x I 

1.22 : lO'/-- 
I 

1.01 : 101/1.52 x lo1 

1.22 : 10'/1.32 x 10" 
1.72 x lO'/l.Ol x 10' 

4.05 

3.w 

2.94 

f:f 

I 
x 101/-- 
x lO'/-- 
x lOI/-- 

7.09 x lo'/-- 
2.84 x 102/3.M x 10-l 
3.44 x lO'/-- 
2.53 Jo lo*/-- 

-9.88 x 
-2.82 x 

1.41 x 
-4.23 x 
-9.88 x 

1.62 x 
1.82 

I 
1.72 
1.42 
1.52 
1.42 
2.02 x 

I 
9.52 x 

l.m x 
1.05 
9.73 x 
1.05 x 

E 
1:82 x 
1.62 
1.57 
1.52 
1.42 

9'2; 
i 

9.52 
I 

1.00 x 

i:: 

Pii 
1:07 

1.44 x 1o-5 
1.44 x 1 
1.58 x ' 

-7.06 x 10-l' 
-2.26 x 10-O 

4.17 x 1o-s 
2.19 x 1o-5 
5.81 
1.94 x 
1.72 x 
1.92 x 
2.08 x 
1.39 x 
3.44 x 10-L 
2.48 x lo-' 

0 
-2.82 x 1 

5.64 x 
-1.27 x 
-4.23 x 

1.13 x 
-8.47 x 
-1.41 x 
-7.06 x 

8.47 x 
-2.82 x 

I 

0 
-2.12 x lo-' 

-1.13 x 
1.13 x 

-1.41 x d 1 -' 
-1.27 x lo-' 

4.23 x lo-' 
-1.41 x 

-5.64 x 
-1.55 x lo-' 

.3.14 : lo*/-- 
3.44 x lO'/-- 
4.05 x lo'/-- 

I 

2.74 ; lo'/-- 

3.33 x lo-' 
3.61 x lo-‘ 
3.17 x 
0.44 x 
5.28 x 
5.55 x 
i-1'; ; 

3.06 x t 
2.33 x 10-s 
1.03 x ' 

3.34 I lo'/-- 
I 

. 



Ttst 
No. 

2073 
2075 
2877 

I 

2079 
2080 

I 
2078 
2081 
2090 
2091 
2076 
2077 

2072 
2078 
2082 

EiE 
2087 
2092 
2095 

:zi 
2098 
2100 
2103 

2071 
2076 

~~ 
2093 

%E 
2105 
2093 
2094 

M&l 
Detcrlptlon 

4-314 SP 

4-314 SP 

l-1/4 SP 
I 

4-3, 

l-l 

4-3 

l-l 

SP 

SP 

SP 

SP 

Sample 
Cterial 

- 

ro NlCr 

ro NiCr 

q51 
:b. 

Cycle 

1 

: 
4 
5 

: 

: 
5 
1 

2 

: 
5 
1 

: 
4 
5 
1 

Cumulative 
Exposure 

Tima 

mhin). 

30 

tz: 
120 
140 

ii 

12 
150 

30 

60 

IEI 
150 

30 

X8 
120 
150 

30 

SW44RY OF TEI 

Total 
Enthalpy 

(J/b) ._ . ~_ 

1.41 x 10' 
1.73 
1.62 
1.73 
1.72 
1.83 

1.58 x 11 
1.61 
1.58 

1.62 
1.50 
1.57 
0.80 

0.86 
1.02 

6.44 
6.07 
6.78 
6.94 
7.70 
7.28 
7.61 
2.84 
3.30 
3.66 
4.37 
1.38 
1.64 
5.00 
5.72 
1.57 
2.67 

E 
7:36 
7.49 
7.74 
7.70 
2.57 
3.44 
3.64 
5.00 
1.41 
1.76 
4.87 
5.27 
1.51 
7.42 

- 
CatalyticVall Convect 

Heat Flux 
- 

Cold Hall Hot Wal 

W/m') W/m') 

1.83 x 10' 1.58 x 11 
2.33 2.00 
2.18 1.88 
2.24 1.95 
2.30 2.02 
2.46 2.17 

2.16x 1 1.86 x II 
1.90 

2.13 

2'18 
El 

1:99 
1.87 
1.70 

2.06 1.78 
1.09 0.85 

1 0.86 
2.34 1.83 
2.76 2.19 

3.42 3.29 
3.45 3.32 
3.77 3.68 
3.80 3.67 
3.82 3.70 
3.77 3.76 
3.80 3.68 
3.65 3.54 
4.22 3.88 
4.74 4.43 
5.65 5.31 
1.83 1.57 
1.21 1.95 
6.54 6.18 
7.76 7.39 
4.09 3.53 
7.30 6.59 
3.41 3.28 
3.83 3.70 
3.81 3.70 
3.87 3.76 
3.81 
3.87 3'71 
3.65 3134 
4.38 4.04 
4.68 4.39 
6.47 6.14 
1.83 1.58 
2.39 2.39 
6.49 6.12 
7.15 6.80 
4.09 3.73 
a.52 7.81 

-- 



TABLE 9 (CONCLUDES) 

b) Conventional Units 

_ ..- ~ 

.232 

I T 
- 
I Test Test Sialulatlal We1 Swle Sample 

No. toad. TYPC Oescriptfon No. Material 

Cwlatlve 
EXTpP-&W 

(mid 

Total 
inthalpy 

[Btlllb) ( 

Catalytic Hall Convective 
Heat Flux Stagnation 

Pressure 

(am) 

Oxygen 
Partial 

Pressure 
o/o2 
(at4 

.0093 

.0102 

.0099 

.OlOO 

.0102 

.0027/..0002 

.0034/--- 
I 

.0033/--- 

.0034/--- 
1, 

.0105 

.0102 

.0103 

.0102 

.0099 

.009a 

.0105 

.0034/.0001 

.0033/--- 

.0033/.0001 

I 
.OOlO/--- 

.0010/.0015 

.0103 .0012/.0013 
I .0017/.0010 

.0016 

.0018 

si017 
.0014 
.0015 
.0014 
.0092 

I 
.0094 

.oaJ4/--- 

I 
.0003/--- 

.0099 

.0104 

.0096 

.0104 
-0099 
.0105 
.OOl8 
.0016 
.0015 

.0014 

.OO91 

.0094 

.0099 

.0104 

.OlOO 

.0104 

.OlW 

.0106 

.0029/--- 

.0028/--- 

.oooa/--- 

.0007/--- 

.002a/.0003 

.0034/--- 

.0025/--- 

.W26/--- 

.0031/--- 

.0034/--- 

.0004/--- 

l 
.0003/--- 

.0029/--- 

.0027/--- 

.0008/--- 

.00O7/--- 

.0029/--- 

.0O35/--- 

.W27/--- 

.w33j--- 

4-314 SP 

q-314 SP 

l-l/4 SP 

Cycle 
Cold Wall 

Btu/ft*sec) 

Hot Wall 
:Btu/ft%ec) 

13.9 
17.6 
16.6 
17.2 
17.8 
19.1 

16.4 
16.7 
16.2 
16.3 
16.6 
15.0 
15.7 

7.5 

1x 
19:3 

29.0 
29.3 
32.4 
32.3 
32.6 
32.1 
32.4 
31.2 
34.2 
39.0 
46.8 
13.8 
17.2 
54.5 
65.1 
31.1 
58.1 
28.9 
32.6 
32.6 
33.1 
33.1 
32.7 
29.4 
35.6 
38.7 
54.1 
13.9 
18.5 
54.0 
59.9 
32.9 
68.8 

2073 
2076 
2077 

I 

ZE 

Ez 

I 
2072 
2074 
2082 
2083 
2086 
2087 

2z: 
2086 
2087 

~~~ 
2103 

I 
2071 
2075 
2084 
2085 

3 

t;g 

3.380 
4.130 
3.860 
4,130 
4.120 
4.370 

3.770 
3.830 
3.770 

L 3, 0 
3.590 
3.760 
1.910 

b ‘2. 50 
2.440 

lS.400 
14.500 
16.200 
16.600 
18.400 
17,400 
la.200 
6.800 
7.880 
a.740 

10.440 
3.290 
3.910 

11.950 
13.680 
3.670 
6.380 

14.3W 
17.2W 

?8~ 
18:500 
18.4W 
6.140 
8.220 
8.690 

11.950 
3.370 

;g 

3:620 
7.420 

16.1 
20.5 
19.2 
19.7 
20.3 
21.7 

TO NlCr 

TO NiCC 

1 
i 

: 

: 

3 
5 
1 

2 

3 

: 

2 

3 

: 

30 

60 

1: 
140 

638 

1;: 
150 

30 

60 

12 
150 
3' 

ii 
120 
150 

30 

. 

1 

I 

4 
I 

I 

i 

t 
10 

I 

I 
11 

I 
12 

I 

'i 

'1 
12 

I 

l-2 

l-2 

I 
I 

l-2 

I 

1 

l-2 
I 

; 
l-2 

1 

l-2 

.B 
l-2 

.2 

.O 

.2 

.C 

.i 

.I 

.: 

19.0 
19.0 
18.8 

19.2 
17.5 
18.2 

9.6 

20.6 
24.5 

30.1 
30.4 
33.7 
33.5 
33.7 
33.2 
33.5 
32.2 
37.2 
41.8 
49.8 
16.1 
19.7 
57.6 
68.4 
36.0 
64.3 
30.0 
33.7 
33.6 
34.1 
34.1 
33.7 
32.2 
38.6 
41.2 
57.0 
16.1 
21.1 
57.2. 
63.0 

E:! 

R5 
Cb 

4-3, 

l-l 

4-3 

l-l 

SP 

SP 

SP 

SP 

I 
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%Z 
Fraction 

lieet 
Transfer 

oefficient 

Surface : Probable 
rclperature Emissivlty 

bpperent Ret 
Convective 

Flux to Wall 

lb/ft see) (W ! t-1 (Btufft'sct) 

-232 

232 

232 

t 1 

I 

:Et 
A9 
.dw. 
.W50 

.0049 

.I+ 

.w13 

.OlW 

.W2fJ 
.w21 

-0020 
.Wl8 
.w19 

:iE 

.oLB 
I 

.0049 

.w50 

:E 

:E 
.w21 
.m20 
-0019 

I 
.rnl8 

A2 
.m47 

A8 

o450 
ho49 

xi 
2:030 
2.010 
1.980 
2.010 

2.010 
I 

2.020 

E*E : 
2:010 

lb46 
1:586 
1.790 
2.030 1 

.75 

75 

10.3 
13.3 
13.7 
13.3 
12.6 
13.3 

.74 

.76 

:: 
.71 
-70 

13.3 
I 

13.5 
13.1 
13.5 
13.3 

Q .9 

x*: 
13:7 

.81 

:E 

:E 

:E 
.92 
.82 

:? 

2.160 i 
2.040 
2.310 
2.270 
2.250 
2.290 ! 
2.389 
2,260 ! 
2.400 
2,266 : 
2.390 ! 

2.440 I 
2.460 1 
1.970 i 
2.370 
;*;g ! 

21100 
2.120 

x*2 
2:110 
2.466 

16.8 
13.9 
21.0 
19.8 
19.3 
20.4 
23.2 
19.5 
23.9 
19.5 
23.6 
10.3 
12.9 
25.2 
26.0 
12.4 
22.9 
12.6 
18.4 
15.3 
15.8 
15.1 
14.2 
15.6 

E-i 
21:6 

If:"3 
24.2 
23.6 
10.9 
23.2 

:E 
.65 
.bl 
.59 
.62 
.72 
.62 
.70 
-50 

I 

:i 

;i 

.56 

.47 

:Z 
.43 
.S3 
.67 

:Z 
.69 

. .72 
A6 

:E 
-34 

.f : .: 

__A -. -- - -. _ ._. - ._ _ ._ . 

Avcraga 

llaSS 

-.W24 -.WO3 

.mo8 -.W32 

-.6Wl 

:Ei 
.mO2 
.ow3 

f 

.W52 

A57 

.w15 
-.m79 
-.0245 

.w70 

.0062 

.0069 

.w75 

.w50 
-.m34 

:k%: 
.w21 
.Wl8 

.m33 

.Wl6 

.mi9 
.m20 
.w33 

:%f 

:L% 

_, , . - .._-_ ._ 
..;I 

1 
._ ., .:_ __‘- “. , 

1 
_.,- ‘. . 

Average 
Surface 

Recession 
Rate 

(injhr) 

.WO2 
-.wo4 

-:%! 
-.W24 

.WlO 
'-.0012 
-.w14 
-.WW 

I:!$$$ 
-.w14 

-.WOl 
-.0032 

-A04 
.OW8 

-.W18 
-.0006 

-0016 
-.w12 
-.w20 
-.WlO 

.0012 
-.0004 

-230 
-.Wl6 

.Wl6 
-A062 
-.rnl8 

-.OkNl 
-.m22 

Coinnents 

Sample failed 
at 20 min 



‘. . 

-- -.---v-1 

r 

I 

LE 10 

!I RESULTS FOR WEDGE MODEL TESTS 

I Units 

/ 
,/, 

l- 

I 
men 
rtial 
ssure 
0 

Vd) 

Oxygen Heat 
Nass Transfer 

Fraction Coefficient 

(kg/m%ec) 

Apparent Net 
Convective 

Flux to Yall 

(U/m2) 

Surface 
Zatalycity 

Ratio 

t-1 

Average Average 
Mass Surface 

Change. Recession 
Rate Rate 

(kg/m*sec) (m/set) 

Probable 
Emlssivlty 

t-1 

.;s 

.75 
I 

.75 

.7 

i 

..75 

Surface 
Temperature 

("K) 

Camnents 

.74 

.82 

.69 

.77 

.65 
w-m 
.85 
.84 
.76 
--a 
-59 

.48 
_-_ 

.!a 

.57 

.58 

.62 
--_ 

.6i 

.60 

.43 

.42 

:Z 
I 

.34 

6.33 x lo-' 
9.89 1 

-2.36 x lo-' 

-3.30 x lo-' 

1*36 x 'Y 1.27 

3.58 x lo-' 

4.87 x lo-' 

i.11 x lo-' 

5.64 x 1O-9 
-7.06 1 

2.82 x lo-' 

1.41 x 1o-9 

1.41 x 1o-9 
-1.83 x 10-O 

0.70 x lo-) 

-2.12 x 1o-8 

-2.12 x.10+ 

5.11 x 106 
5.67 
4.88 ; 
5.45 
4.65 ,,; 
----^-m-m 
6.01 x 10' 

3 I 
--,-i-i 
5.22 x 10' 

4.31 x 1oi 
-------L 

---------- 

1.08 x 105 
1.06 
1.03 
1 ..l 1 
---___-_-_ 

1.09 x 105 
1.08. 
7.72 
7.60. 
6.29 
6.70 

6 '24, . 

i 

x 10’ 

-. 

i x 192 

1 x 102 
3 x 10' 

3 x 10' 

1 x 102 

f 

1 x 

: :: ;oo 10; 2 

2 x 101 

;232 .0068 

.062 .0117 

.062 .0117 
-232 .0088 

.232 .0088 

.232 .0207 

..232 .0207 

1300 
1330 
1290 
1320 
1280 
me-- 
1340 

1320 
--me 
1310 

1260 
--we 

-L-- 

1520 
1510 
1500 
1530 
-me- 

1520 
I 

1420 
1410 
1380 

I 
1360 

Sample failed at 
12 min 35 set 

Sample failed at 
4 min 34 set 

Sample failed prior to 
4 min 34 set 

Sample failed at 30 set due 
to rrmnvxtary vacuum loss 
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Test Test Simulatlm Model Sample Sample 
No. Cond. TYPC Description No. Material 

2157 
I 

2158 

2151 

2151 
2152 

2152 

2153 
I 

2155 

I 
2155 

2154 

2155 

I 

1: 

1 

l-2 

1-2 
3 

3 

1 

1 

wedse 

Hedge 

I 

Wedge 

Wedge 

w ge 

1 

3: 
74 

75 

67 
I 

61 
58 

TO NlCr 

TO NiCr 
I 

TD NiCr 

R512E/ 
Cb-752 

R512E/ 
Cb-752 
',y;;;g/ 

I 

-.I 

Cycle 
Cubwlative 

Exposure 
Time 

Total 
Enthalpy 

(min) (J/W 

30 
I 

x"o 
120 
150 

f X 
120 
150. 

12.5 

12.5 
4.5 

4.5 

30 
I 

ii 
90.5 

si 
30 

2 
120 
150 

TABLE 

SUMARY OF TEST.CONDITIONS AND 

a) SI 

1.99 x 10' 
I 

2.01 
I 

2.05 

7.72 x 'IO* 
I 

7.83 

7.94 

2.02 7.83 

2.05 

l.i5. 

7.94 

1.02 x 105 

1.55 x 1 ' 
1.53 P 

1.53 x 10' 

3.37 x 10' 
I 

3.30 
I 

I X'lD 

Catalytic Wall Convective 
Heat Flux 

Cold Wall 

(w/m2) 

Hot Wall 

Local 
Pressure 

(W/m2) (N/m') 

6.92 x 10' 
I 

7.04 
I 

7.14 
I 

7.04 
I 

7.14 

2.33 x 10' 
I 

2.13 
2.03 
1.92 

2.13 
2.03 
1.92 

5.17 

1.02 x lo5 
7.60 x 10' 

8.85 

8.97 x 10' 
--_------- 

5.17 x 
8.00 

7.60 x 10' ____-_____ 8.00 x 10' 

1.99 x 105 
I 

1.94 
1 

__-___ ---- 

1.94 x 165 

1.84 x lo5 
I 

1.79 

---------- 

1.79 x 10s 
I 

1.80 

4.05 x lo2 
4.15 
3.75 
3.44 

I 
3.75 x 102 
3.34 
3.44 

I 
3.75 
3.44 
3.75 
3.34 

1.82 

T OXY! 
Part 

Pres: 
0 

(N/II 

B.11 > 
I 

7.09 
6.08 

I 
7.09 
6.08 

I 
1.72 

1.72 
7.09 

7.09 

1.11 
1.22 
1.01 

I 

1.01 
9.12 
1"Ol 

9.12 

‘_ _-. 



Test 
No. 

2157 

A58 

2151 
I 

2152 
I 

2153 
I 

2155 

I 

2155 

z&l4 
I 

2155 

I 

Test 
Cond. 

- 

5 

'i 

7 
13 

13 

Simulation lbdel Sample Sample 
Type Description NC& Haterial 

1 

l-2 

A 

1 

e 

- 

3: 
74 

TD Cr 

75 

R5? 
Cb- 

:/ 
2 

= 

1 

I 
Wedge 67 R512E/ 

I Cb-752 
61 VH-109/ 
58 Cl 29Y 

Cycle 
Cumulative 

Exposure 
Tima 

Total 
Enthalpy 

Catalytic Hall Convective 
Heat Flux 

,EItu/lb) 
-_.- 

Cold Wall Hot Wall 

Btu/ft%ec) (Btu/ft*sec) 
_=. __- L- 

30 4750 6.8 6.1 

60 

129: 
150 

60 

1;: 
150 

12.5 

4800 

4.5 

30 
I 

60 
90 

90.5 

4900 
I 

4800 
I 

4900 
I 

3700 

36 b 0 

Bd50 
I 

7900 
I -mm 

6.9 
I 

7.0 
I 

6.9 
I 

7.0 
I 

9.0 

6!7 
I 

17.5 

6.2 

6!3 

6!2 
I 

6.3 
I 

7.8 
7.9 
--- 

I 
16.2 

I 
15.8 

I --- 

7900 

17.1 
I -_- 

17.1 

I 

15.8 
I 

15.9 
I 

16.0 

I 

Local 
Pressure 

.0023 
1 

.OOZl 

.0020 

.0019 
I 

.0021 

.0020 

.0019 
I 

.0051 

b .OO 6 

.0040 

.0041 

.0037 
.0034 - 

--- 

.0037 

.0033 

.0034 
I 

.0037 
-0034 
.0037 
.0033 

TABLElO( 

b) Convent 

Oxygen 
Partial 

Pressure 
0 

(atm) 

.0008 
I 

.0007 

.0006 

I 
. 0007 
.0006 

I 
.0017 

I 
-0007 

.OO\l 

.0012 
.OOlO 

I --- 

.OOlO 

.0009 

.OOlO 

.0009 
-_ 



CONCLUDED) 1 
ional Units 

Surface 
Catalyclty 

Ratio 

t-1 

Average Average 
Mass Nass 

Change Recession 
Rate Rate 

gm/cm'hr) (Whr) 

Apparent Net 
Convective 

Flux to Wall 

(Btu/ft%ec) 

Probable 
Emissivity 

t-1 

Surface 
Temperature 

(W 

4.5 

1:: 

t:: 

.0228 .0008 

.0356 -.OOlO 

-.0085 .0004 

.-.0119 .0002 

.4B80 .0002 
.4600- -.0026 

-.OOOl 

.12B8 

.1752 - .0030 

.0399 .0003 

.232 .OOll' 
I 

! 
/ 
! 
I I 

I 

E 
1860 
1920 
1840 

.74 

.B2 

.69 

.77 

.65 
m-i 

1960 
1950 
1910 
---- 
1900 
1810 

5.3 ;85 

::: :E --- 
4.6 
3.8 

.59 

.48 
Sample failed at 12 min 35 set 

Sample failed at 4 min 34 set 
Sample failed prior to 4 min 34 set I 

2270 
2260 
2250 
2290 
---_ 

I 
.59 
.57 
.SB 
.62 
--- Sample failed at 30 set due to 

momentary vacuum loss 

2285 
2270 
2090 

.61 

.6D 

.43 

.42 

:: 
I 

.34 

.75 

-I- 

,. .._ 

I 

I 
! 

‘,. 

,_.,. 

._. -L- ‘.:.‘i-:.Y..--. L -L.. - 

_- - - 

_. .-: .’ 

.: . . 
_- .--..- : . .._ . . 

. 

. . . . . 

. . 

_ .. ... ;I_ i 

. . ;r 

., _... 

: 

. 
il. 



TABLE 11 

DESCRIPTION OF TABLES 9 AND 10 

Additional description where required of tabulated parameters in Tables 
9 and 10 is as follows: 

Model Description - 4-3/4 SP indicates 0.121 - meter (4.7%inch) 
diameter point model: l-1/4 SP indicates 0.0318 - meter (1.25-inch) 
diameter flat face stagnation point model; wedge indicates 30" half 
angle wedge model. 

Cycle and Cumulative Exposure Time - one cycle equals 30 minutes 
exposure'at constant incident heat flux. 

Enthelpy - heat flux enthalpy defined from the calibration test 
results and at the actual current of the sample test. 

Catalytic Wall Convective Heat Flux - cold wall defined from the 
calibration test results and at the actual current of the sample 
test; hot wall defined from (Cold Wall) * (ho - hwc)/ho where ho 
is the total enthalpy and hwc is the fully catalytic wall enthalpy. 

Local Pressure (Table 10 only) - pressure at the central measure- 
ment station of the wedge model. 

Oxygen Partial Pressure - equilibrium concentrations of atomic/ 
molecular oxygen at the boundary layer edge and at the total 
enthalpy and stagnation or local pressure (as computed by the ACE 
code). 

Oxygen Mass Fraction - 0.232 corresponds to air. 

Heat Transfer Coefficient - (Catalytic Cold Wall Convective Heat 
Flux)/(Total Enthalpy). 

Surface Temperature - measured value where available or interpreted 
value (in parenthesis) where such interpretation was possible. 

Probable Emissivity - estimated total hemispherical emissivity for 
the material (see following text). 

Apparent Net Convective Flux to Wall - radiation equilibrium heat 
flux based on surface temperature and probable emissivity (Equa- 
tion (2)). 

Surface Catalycity Ratio - (Apparent Net Convective Flux t0 Wall.)/ 
(Catalytic Hot Wall Convective Heat Flux) - 

Average Mass Change Rate - average rate of change of mass over the 
number of cycles indicated; positive number is mass increase. 

Average Thickness Change Rate - average rate of change of sample 
thickness over the number of cycles indicated; positive number is 
a thickness increase. 
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surface temperature, however, which together with other pyrometer results pre- 
sented in Appendix C implies that the reported surface temperatures for the 
stagnation point models only (Table 9) may be slightly lower than actual. 

The surface catalycity results for the three materials studied are pre- 
sented in Figure 25 together with the fit of the calibration test results and 
the theoretical minimum curve from Figure 22. These results are at conditions 
for which significant calibration and 'sample test results are available - 0.121- 
meter (4.75-inch) diameter model and simulation type l-2. For the calibration 
results, the measured surface catalycity ratios are higher than the theoretical 
minimum limit. This implies either or both of the following: 

l The surfaces of the calibration models were not fully catalytic and/ 
or fully noncatalytic, and therefore the calibration results do not 
represent the true minimum catalycity ratio for the test conditions. 

0 Partial equilibration of the dissociated species occurred in the bound- 
ary layer. 

An analysis of all results indicates that the latter effect is the principal con- 
tributor to the difference in measurement and theory. Therefore, agreement with 
the fit of the calibration results essentially represents the fully noncatalytic 
wall case, at least for the test conditions of this program. 

From Figure 25, TD NiCr is partially noncatalytic at the low enthalpy 
levels for which data are available, falling about half way between the fully 
catalytic case (surface catalycity ratio of 1.0) and the fully noncatalytic case 
(fit of calibration results). In this same enthalpy range, the coated columbiums 
exhibit similar noncatalycity but become essentially fully noncatalytic at high 
enthalpy and pressures typical of flight. VH-109 appears to be somewhat more 
noncatalytic than R512E in the low and moderate enthalpy range. This same trend 
is also apparent at high enthalpy and low pressure (simulation type 1) from 
the results presented in Tables 9 and 10 for both the stagnation point and wedge 
models. Representative values of the surface catalycity ratios are 0.60 for 
R512E and 0.45 for VH-109 at these conditions.' 

These catalycity results indicate that the absolute surface catalycity 
and the relative surface catalycity between different materials may be affected 
by the test conditions. The phenomena are sufficiently complex and the catalycity 
data and boundary layer characterization are sufficiently limited that no defini- 
tive guidelines for simulation test condition selection can be defined, however. 

'A more detailed evaluation of these and other Aerothenn surface catalycity re- 
sults is presented in Reference 9 in which preliminary catalytic efficiencies 
for both oxygen and nitrogen recombination are presented for coated columbium. 
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The measured rate of change of mass for all materials studied is small 
(Tables 9 and 10). Because of the small mass change rates, the results exhibit 
some scatter; the primary trend is the consistently very small mass change rate 
for WI-109 independent of test conditions. These results for all materials con- 
sidered indicate that the selection of simulation test conditions may be made 
independent of mass change considerations, and that the energy of thermochemical 
reaction at the surface, which may be correlated with mass change, is negligible. 
This observation does not imply, however, that the surface species or composition 
and/or the microscopic surface structure is independent of test conditions. 

The response characteristics in terms of surface appearance and failure 
modes were evaluated qualitatively only; no detailed microsocpic or chemical 
analysis was performed. For TD NiCr at the nominal 1370'K (2000'F) surface tem- 
perature, the familiar light green oxide film was apparent in all cases. The 
thickness of the film and the size of the oxide particles (as determined from 
microscopic inspection) increased appreciably after 5 cycles as compared to one 
'cycle. The one stagnation point sample that failed exhibited a severe pattern 
of surface cracks. The failure appeared to be due to catastrophic oxidation re- 
lated possibly to the cracking, resultant exposure of a crack edge, and then 
severe heating and oxidation of the exposed edge. For R512E and W-109, a wide 
variety of surface conditions was observed under microscopic examination. There 
was no obvious consistency between surface characteristics and test conditions 
for either material, however. Both materials exhibited a melt-like surface con- 
dition after 5 cycles of exposure. No failures occurred at test conditions for 
coated Cb materials. 

5.4 OVERALL EVALUATION 

The analytical and experimental results presented in Sections 5.2 and 5.3 
defined the response of TD NiCr and coated Cb to flight and various test environ- 
ments. These results also provided an assessment of simulation test requirements 
for valid TPS response results applicable to flight. These response character- 
istics and test requirements are summarized in the following subsections. 

5.4.1 Response Characteristics 

The surface thermochemical response of TD NiCr is characterized by subsur- 
face kinetic oxidation of the base material for form an oxide film (Reference 1) 
and the diffusion controlled surface oxidation of this oxide film. A continuous 
buildup of this film (and the corresponding continuous depletion of the base ma- 
terial) occurs at a very slow rate for the conditions of interest. The surface 
thermochemical response of the coated columbium is characterized by the formation 
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of condensed surface oxides and the volatilization of these oxides. A continuous 
slow buildup of the condensed oxides occurs at surface temperatures of interest. 
For both material types, the energy and the mass changes associated with these 
thermochemical events is small for the surface.temperature ranges of interest. 

The oxide coating on TD NiCr and the two coated Cb coatings are partially 
noncatalytic. The relative ranking in order of decreasing surface catalycity is 
TD NiCr, R512E, and WI-109, although differences between material types are small. 
Absolute characterization of surface catalycity and its application to flight re- 
quires a more basic definition of test and flight boundary layer characteristics, 
test heat flux conditions, and surface emissivity. 

The thermal or surface temperature response is defined by the net heat 
flux to the surface. This flux is controlled by the surface catalycity and sur- 
face emissivity. The energy associated with surface thermochemical reactions iS 
negligible, as noted above, and for typical test and flight configurations the 
heat loss to be backup material is small. Definitive evaluation of surface 
emissivity was not part of the test program and therefore was not achieved. 
Based on the evaluation of test results, however, a total hemispherical emissivity 
of 0.75 is a reasonable approximation for all three material types. 

Definitive failure modes have been identified for TD NiCr only. At high 
temperature, a crack pattern through the complete panel can occur. This crack- 
ing can expose edges of the material, which can result in catastrophic oxidation 
at the exposed edges. 

5.4.2 Simulation Requirements 

The macroscopic surface thermochemical response, in terms of mass and 
energy effects, is dependent on both pressure and surface temperature (or net 
heat flux). However, the magnitude of these mass and energy effects is suffi- 
ciently small that they may be ignored in selecting simulation test conditions. 
A set of simulation test conditions which closely duplicates heat flux at a 
pressure and enthalpy within, say, an order of magnitude of those flight is 
therefore acceptable on macroscopic thermochemical terms. The microscopic ther- 
mochemical response, in terms of surface species and surface condition, may vary 
significantly over this order of magnitude range of conditions, however. 

The thermal response is dependent on the net flux to the surface which is 
a complicated function of surface catalycity, surface emissivity, and boundary 
layer equilibration. These variables are influenced by the test conditions in 
teirms of enthalpy, pressure, boundary layer characteristics, and resultant sur- 
face species, surface condition, and also surface temperature. The definition 
of flight conditions and the equivalent test conditions must take these effects 
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into account. Since the functional relations are complex and not accurately 
characterized, the only test conditions which insure proper thermal response 
simulation are probably the specific flight conditions themselves. 



SECTION 6 

CONCLUSIONS 

A detailed experimental evaluation, employing flowing air tests, and 
analytical evaluation, employing computer code techniques, was performed to 
define the response of TD nickel chromium alloy (20 percent chromium) and 
coated columbium (R512E on Cb-752 and VH-109 on WC129Y) to shuttle orbiter 
reentry heating. This evaluation allows the following conclusions to be made: 

0 The thermochemical response characterizations demonstrated: 

- A small rate of change of mass and a negligible energy contri- 
bution for both material types 

- A continuous slow buildup of the surface oxide film and the con- 
tinuous slow depletion of the base material for TD NiCr 

- A continuous formation and slow buildup of condensed surface ox- 
ides and the continuous slow volatilization of these oxides: the 
surface oxides were Cb205* for R512E and Hf02* for VH-109 

l The oxide films and coatings are partially noncatalytic; differences 
in surface catalycity between the three materials are small with a 
relative ranking in order of decreasing catalycity of TD NiCr, R512E, 
and VH-109 

0 The thermal response in terms of surface temperature is controlled 
by the net heat flux to the surface: this net flux is influenced 
significantly by the surface catalycity and surface emissivity 

l General guidelines for the selection of test conditions for ground 
test simulation of flight conditions include: 

- Thermochemical response need not be considered as a direct in- 
fluence on thermal response because of its small or negligible 
contribution to mass change and energy: however, its affect on 
surface species and surface condition which in turn can affect 
surface catalycity and surface emissivity must be considered in 
selection of test conditions and interpretation of test results 
(see below) 
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Duplication of surface catalytic response is probably not pos- 
sible in that it probably requires duplication of flight condi- 
tions; however, the affect of surface catalycity must be consi- 
dered in selection of test conditions and interpretation of test 
results (see below) 

A given fully catalytic wall heat flux results in a thermal re- 
sponse (surface temperature) which depends on surface catalycity 
and emissivity; or a given thermal response (surface temperature) 
is achieved at a fully catalytic wall heat flux which account8 
for surface catalycity and surface emissivity. 
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APPENDIX A 

DEFINITION OF FLIGHT AND TEST BOUNDARY CONDITIONS 

A more detailed description of the procedures employed to define the flight 
boundary conditions for the H-33 vehicle and to define the appropriate test 
boundary conditions are presented in this appendix. 

A.1 FLIGHT CONDITIONS 

The evaluation of flight boundary conditions and parameters was performed 
as outlined in Section 3.1 and as presented in greater detail in this section. 
In this analysis, the surface of the vehicle was assumed to be smooth and the 
boundary layer was assumed to be in chemical equilibrium, the latter assumption 
also corresponding to the fully catalytic wall case. 

The stagnation enthalpy and pressure were approximated by the strong shock 
relations 

P,V’ 
P, = g 

hS 

2i 

2g 

(A-1) 

(A-2) 

for which the static pressure and enthalpy are small and are ignored. These 
results are included in Table 1. 

Since surface pressure distributions are insensitive to chemistry effects, 
the pressure distributions can be predicted with sufficient accuracy without 
solving the inviscid flow field. For blunt bodies, modified Newtonian flow 
approximations suffice, and for downstream regions, tangent wedge or tangent cone 
approximations provide valid results. Thus for the vehicle symmetry plane, the 
pressure distribution was approximated by a blending of Newtonian (nose region) 
and tangent cone (downstream region) pressures and the wing pressure distribution 
was approximated by a blending of Newtonian and tangent wedge pressures. For 
the wing, the leading edge pressure was determinedby accounting for both the 
leading edge sweep and angle of attack as described in Reference A-l. For other 
regions of the fuselage, the pressure was assumed to be Newtonian as determined 
by the true local surface incidence. 'For the flight conditions which were 
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considered, the pressure ratio p/p, is insensitive to Mach number so that a 
single distribution was sufficient for all cases. The resultant pressure distri- 
butions are shown in Figure 9 for the fuselage symmetry plane and the wing 
40 percent semi-span plane. 

Boundary layer aerothermodynamic parameters were predicted with the 
Aerotherm BLIMP computer code (Section 3.1). Since both laminar and turbulent 
flows were permitted in the analytical procedure, some criteria for transition 
were required. Substantial effort is presently being expended by various investi- 
gators on the effects of various parameters on promoting transition to turbulent 
flow. These investigations have not been universally conclusive and in fact are 
indicative of the extremely complex nature of turbulent flows. Thus empirically 
determined transition cirteria and sound judgement appear at present to be the 
only practical approach. Therefore on the centerline, transition to turbulent 
flow was assumed to start at Re Otr/Me = 170 and to be essentially fully developed 
at 2 Re str where Re e is based on edge conditions but Res is based on free stream 
conditions (References A-2 and A-3). The BLIMP code was then used to calculate 
fully turbulent heating beginning at Re Btr/Me = 170 and the transition zone' 
heating was approximated as 

q = qturb - (cl turb (A-3) 

where the surface coordinate ratio s/str is equal to Res/Res tr' Transition 
to turbulent flow was not considered on the wing. 

Although the BLIMP code has an entropy layer option, this effect was 
ignored because the shape of the shock wave surrounding the body is not generally 
known; instead, the boundary layer edge conditions were determined from an 
isentropic expansion from the stagnation point or leading edge. Inclusion of 
an entropy layer would cause an increase in downstream entropy and a correspond- 
ing increase in predicted heat transfer rates. Conversely, the predicted Mach 
number would be higher so that, if Reetr/Me is a valid transition criteria, 
transition would be delayed thereby reducing the local heat transfer rate. 

The BLIMP code was also used to predict heat transfer rates on the wing 
by noting that experimental oil flow data indicate that crossflow effects are 
small except very near the leading edge. Because of the combination of sweep 
and angle-of-attack, the leading edge stagnation line is not located at a posi- 
tion corresponding to the angle-of-attack of the vehicle. This aerodynamic 

leading edge was located by assuming that it is a generator of a cylinder in- 
clined at an effective angle-of-attack given by (Figure A-l) 
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where 

cos A = cos a cos 5 

(Y = vehicle angle-of-attack 
5 = semi- apex angle of wing 
A = effective sweep angle of leading edge 

Then, using the method of steepest descent (Reference A-4), the leading edge is 
the position which yields an angle corresponding to A. For the H-33 vehicle at 
an angle-of-attack of 29 degrees, the aerodynamic leading edge 'is located about 
59 degrees from the geometric leading edge. 

Laminar heat transfer rates to other regions of the windward surface of 
the forward fuselage were approximated from the known centerline value using 
swept cylinder theory (Reference A-5). For limited variations in wall temperature 
this solution can be written as 

(A-4) 

where CH is the heat transfer coefficient and the subscripts w, s', and s are 
for wall, cylinder, "stagnation" line, and stagnation point values, respectively. 

Reference A-5 shows that the ratio 9;/8; s, does not deviate much from unity. 

Then defining an equivalent velocity gradient as 

due 

0 
ds 

eq 

Equation (A-4) can be written as 

ue ds 

(A-5) 

(A-6) 
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Results for the fuselage centerline and 40 percent semi-span of the wing 
are presented in Figures 10 and 11, respectively. Predicted isotherms, for 
flight condition 2 of Table 1 (approximately maximum heating), on the forward 
portion of the fuselage are shown in Figure A-2. 

A.2 TEST CONDITIONS 

Test boundary conditions and parameters were evaluated for the four 
simulation types and the flat face stagnation point and wedge model configura- 
tions defined in Sections 3.1, 4.2, and 5.1. The same basic analysis procedures 
presented above for flight were employed in the definition of the conditions on 
the test models. The pressure distribution for the flat face stagnation point 
models was defined from the blunt body correlation of Reference A-6. The pres- 
sure distribution for the wedge was approximated by a blending of Newtonian 
(nose region) and tangent wedge (downstream) pressures. These distributions 

were defined for the approximate test stream Mach number of 4.5. The boundary 
layer analysis was performed using the BLIMP code. Its application was straight- 

..forward since the flow is laminar for both model configurations and for all 
simulation test conditions considered, and the flow is either axisymmetric or 
one-dimensional. 

Typical distributions of properties on the test models are presented in 
Figures 12 and 13 for the stagnation point and wedge models, respectively. The 
complete set of results at the reference locations on the test models (Section 
5.1.2) are presented in Tables 4 and 5. 
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APPENDIX B 

ANALYTICAL EVALUATION OF MATERIAL RESPONSE 

The thermochemical and transport properties required to carry out the 
analytical procedure used in this study are briefly summarized in Section 3.3 
and are presented in detail in this appendix. 

B-1 THERMOCHEMICAL DATA 

In order to perform a surface energy balance which includes the energy of 
surface thermochemical reactions, the free energy and enthalpy of significant 
molecular species must be known. These quantities are supplied to Aerotherm 
computer codes by three card sets either directly or through the card output 
of other Aerotherm codes which use the card sets as input. The sets provide 
a reference enthalpy, a reference entropy, and specific heat parameters for 
individual species which allow calculation of the species enthalpy and free 
energy over a range of temperatures. The three card sets may be constructed 
directly from data for species for which specific heat parameters are given by 
an equation of the form 

c3 

cP = Cl -I- C2T + - 
T2 

(B-1) 

where Cl, CZ, and C3 are constants and T is the absolute temperature. In the 
typical case, the data are not available in this form and the Aerotherm Thermo- 
chemical Data code (TC DATA) is used to curve-fit the thermochemical data from 
whatever form it is available. The minimum data requirements of TC DATA are: 

l The heat of formation at 298OK 

a Either of the following: 

A tabulation of free energies 

- A tabulation of entropies 

- A tabulation of enthalpies and an entropy at some temperature 

- An entropy and a tabulation of specific heats 

87 



The chemical systems appropriate to the materials of interest and there- 
* fore for which data were necessary are: 

l TD NiCr 
Nickel 
Chromium 
Thorium 

Oxygen 
Nitrogen 

0 Coated Cb 
-vH-109 -R512E 

Silicon Silicon 
Hafnium Columbium 
Iron Iron 
Chromium Chromium 
Tantalum Oxygen 
Molybdenum Nitrogen 
Oxygen 
Nitrogen 

-Other Additional 
Possibilities 

Tungsten 
Zirconium 

Three card sets for many of the species which may form in the above chemical 
systems were already on hand at Aerotherm as a result of curvefits of JANNAF 
data (Reference B-l) made previously. These species consist of the species in 

Table B-l which list JANNAF or JANNAF TAPE as sources. 

Tantalum, thorium, and molybdenum were omitted from the search for new 
data as they only existed in trace amounts in any of the chemical systems of 
interest. The search for the remaining data provided much of that necessary 
for species not already available. The data sources are indicated in Table 
B-l on the title card of each three card set. The source titles listed refer 
to References B-l through B-6. 

No data or an insufficient amount of data were available for some of the 
species which were considered to be of importance. These species do not list 
a source on their title cards in Table B-l, but rather indicate that some part 
or all of their data were estimated. Table B-2 lists these species for which 
insufficient data were found and the assumptions that were made in creating the 
card set for the particular species. In most instances, missing data were sub- 
stituted with data of a similar species. 
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TABLE B-l 

THERMOCHEMICAL DATA 

a) Key 

Number of Atoms and 
Atomic Number 

Data 
Source 

/ A \ 
1242 8 SCHICK g/15/62 

-189999+5 361748+5 137388+2 570206-4-434218+6 916 57+2 
-189999+5 361659+5 137588+2 258905-4-538461t5 916 26+2 

Upper Temperature 
Temperature Range 

of 
(OKI 

500. 2500.1 
2500. 6000.1 

Species Name 

5% Lower 

CR02 
'Temperature 

/ 
Range 

-0.CR02 
-0.CR02 - Upper _I 

Temperature 
Range 

L-Enthalpy Change 
from 298OK to 
3000'K 
(cal/mole) 

-Entropy at 
3000'K 
(Cal/mole) 

Lower Temperature 
of Temperature 
Range (OK) 

Heat of Formation 
at 298OK 
(cal/mole) 

Cl, Cp, and C3 are coefficients such that 

= Cl + c2 + 3 cal 
cP > 

, T in OK 
T2 moleoK 



TABLE ~-1 (CONTINUED) 

b) Data Tabulation 

2 8 
574 oto 
574 oto 

2 7 
-110 oto 
-110 o+o 

1 26 
99499vt5 
v94v99ts 

1 8 1 
-239999t5 
-239999 ts 

1 24 3 
-683999tS 
-603VVVtS 

1 72 2 
-69999VtLj 
-6VVV9Vt5 

234441t5 807265tl 
234554ts 977777+1 

222368t5 760394tl 5Ol467-5-23470&b bSi903t2 soo. 2SOO.l -DIN2 
221842+5 850948tl v?2320-4.701411t5 637717+2 2500. 6000.1 -0.N2 

152484t5 430984tl 
152678t5 272544tl 
14 
233v2l’tS 062512tl 
233575tS 760721tl 

0 
512140tS l9482Ot2 
511vbOt5 197031t2 

0 
389 47t!i 147 Vbt2 
388952t5 i40597t2 

JANAF TAPE 7/71 3/b5 FE 
563370-3 359 57t6 562498t2 500, 2500.1 -0,FE 
103743.2 335434t7 5625bbt2 2500. 6000.1 -0,FE 

JANAF TAPk 7171 9167 OS1 
174322-3-257275tb 697544t2 500, 2SOO.l -O.llSI 
305160-J 356 33t7 697421t2 2500, 6000.1 -0,fJSI 

SCHICK 9/15/62 CR03 
14516613-746169tb 106225t3 SOO, 2500.1 -O,CH03 
133129-4-560 '12tb 106210t3 2500. 6000.1 -0.CRU3 

SCHICK q/15/63 HFU2 
725131-4-417102tb 925eOvt2 500. 2500.1 -0,HFOZ 
667535~S-326713th 925716t2 2500.. 6000.1 -0.HFU2 

JANAF TAPE 7/71 **/61 cl2 
503 7813-238037tb 679715t2 500. 2500.1 -0.02 
110622-3'476367t7 b/9755+2 2500. 6000.1 -0.02 

JANAF TAPE 7171 l */bi N2 

1 24 SCHICK S/b2 CR 
V48199t5 153759t5 3o0734tl 139753-2 3S5230t6 539355t2 500. 2500.1 -0,CH 
9481vvtS lS3382t5 17542btl 161770-2 524558t7 S~v%lvt2 2SOO. 6000.1 -0,CR 

I24 10 SCHICK 9/15/62 CR0 
499999+5 24275ot5 0794v4t1 171355-J-vo0033t5 17032vt2 soo. 2500.1 -0,CHO 
499999+5 242607t5 699636tl 602200-3 441027t7 770306t2 2500. 6000.1 -o.CRU 

124 2 0 
-109VVVts 36174at5 
-189999t5 361659t5 

126 10 
599999t5 240605t5 
5999‘49+5 241 08tS 

1 72 
144923tb 103 vvt5 
144'923tb 102102t5 

172 1 0 
109959tS 261617t5 
189959t5 261 6OtS 

1 7 
112vb4th 134412tS 
112964th l34277t5 

1 7 1 0 
2157vvts 2275oet5 
2157vvts 227145ts 

1 7 2 0 
79099vt4 345470t5 
790999t4 345 4ts 
1:9994+5 7 3 490701t5 0 

- SCYICK 9/15/62 
137300t2 570206-U-434218tb 916 57t2 500. 
137558+2 250Vo5-4-5384blt5 916 26t2 2500, 

JANAF TAPF 7/71 9, 
0649bvtl 240120-3-1449bltb 776915t2 500. 
v30671tl 2095v5-3-414625t7 77’7 87t2 2500, 

SCHICK 3/15/63 
616 15tl 503345-3-400457t6 509 7et2 500. 
2v3328t1 109109-2 110258t0 We724t2 2500. 

SCHICK b/15/63 
104998t2-162900-3-50bl77tb 7V0305t2 500, 
V37510+1-409364.4 466152t7 IVO107t2 2500. 

2500.1 
6000.1 

'66 
2500.1 
6000.1 

2500.1 
6000.1 

2500.1 
6000.1 

JANAF 1APE 7/71 3/61 
4924bltl 271364-4 956 3Vt4 40Ov16t2 500. 2500.1 
277722tl 523356-3 561729t7 400860t2 2SOO. 6000.1 

JANAF TAPE 7/71 6/63 
aO0175tl 354495-3-276336t6 600669t2 500. 2500.1 
0773Oltl 726Sl6-4-19208vt6 600541t2 2500, 6000.1 

JANAF TAPE 7/71 9/64 
120bOUt2 382 47-3-731 04tb 040100t2 500. 2500.1 
136087t2 329099-4.45391Otb 048 21t2 2500. 6000.1 

JANAk TAPE 7/71 12/64 
lv1696t2 26057U-3-11252St7 999130t2 500. 2500.1 

CR02 
-0.CH02 
-0.CH02 

FEU 
-0,FEll 
-0,FEO 

HF 
-0.HF 
-0.HF 

HFO 
-O.HFO 
-0,HFU 

N 
-0.N 
-0,N 

NO 
-0.W 
-0,NO 

NO2 
-0.NU2 
-0.NU2 

N113 
-0.N03 

1bvvvVtS 490563t5 lV7lllt2 24079V-4-014340th 99Y let2 2500; 6000.1 -0;N(13 
1 7 114 JANAF TAPE 7/71 3/67 NSI 

009999t5 253504t5 7644Obtl 110914-20040657,s 719021t2 500, 2500.1 -O.NSI 
00999vt5 252s31t5 110109t2-224515-3-52092vt7 719478t2 2500. 6000.1 -0.NYI 

1 ‘7 1 40 JANAF TAPE f/71 6/63 NZH 
170499t6 239229t5 806527tl 101730-3-173 0Otb 756709t2 500, 2500.1 -0,NLR 
170499th 239191t5 Hv2406tl 7546VO-4;13517Oth 15669bt2 2500. 6000.1 -0,NZR 

2 7 18 JANAF TAPE 7/71 12/64 N2O 
196 49+$ 366422t5 1355bVt2 547750-3-726550tb 0lb253t2 500, 2500.. 1 -0.N2lJ 
196 99t5 365703t5 146 20t2 446710-4-b52bV2tb 016 7t2 2500, 6000,1 -O,N2O 

2 7 3 0 JANAF TAPE T/l1 12/64 N203 
197999t5 610923tS 230372t2 652593-3-123951t7 123250t5 500. 2SOO.l -O,N2113 
lv7999t5 610123tS 244627t2 562103-4.02vvV0tb 12527vt3 2500. 6000.1 -O,N2U5 

2 7 0 8 JANAF TAPE I/ii 9/64 N2lJ4 
21699vt4 707370t5 295602t2 012393-3-170076t7 13495vt3 500. 2500.1 -0.NZO4 
21699Vt4 706374t5 J13221t2 705107-4.120005t7 13492Ut5 2500. 6000.1 -0.N2UU 

2 7 S 8 JANAF TAPE 7/11 12/64 N205 
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TABLE ~-1 (CONTINUED) 

5) (Continued) 

JANAF TAPE 7111 12/70 
138634t2 376403.3-701306tb 83959bt2 500. 2500.1 
146566t2 383 53-U-374915+6 839432t2 2500, 6000.1 

SCHICK 

269999t4 916170t5 352907t2 191 07-3-1655bOt7 156735t3 2500.1 
269999*4 915902t5 356432t2”200514-4-118397*7 156725t3 2500. 6000.1 

3 7 
989999tS 57293btS 
909999t5 372469t5 

1 41 
171835tb 168225t5 
171835tb lb9040tS 

141 10 
460169t5 23692OtS 
460169+5 236795t5 

141 2 a 
-510509tS 406453+5 
-510509t5 406782t5 

7 20 
161.%9+5 15135bt5 654860tl-500354-3-117052tb .- 567152*2- 500. 1700.1 
101259t5 153 19t5 550582tl-821911.4 041565tb 567792t2 1700. 3000.1 

540 7Otl 249253-3 366715tb 573340+2 500. 2500.1 
645667tl 49220003-952917t7 573923t2 2500. 6000.1 

SCHICK 
07240btl 150294.3.195753tb 76600Ot2 soo. 2500.1 
547152tl 926140-j 00140St7 766035t2 2500. 6000.1 

SCHICK 
lb0 81+2-551054-3-053693tb 9430bbt2 500. 2500.1 
150590+2-220770-U 179555t7 945975t2 2500. 6000.1 

THEHMU PROP OF ELM7 19S6 

128 17 
599999t5 240603t5 
599999t5 241 00t5 

18 
595509t5 1351bbtS 
595589tS 13521Ot5 

10 174 
101599t6 2355y0t5 
101599t6 235554t5 

1 0 1 40 
139999t5 303 66t5 
139999ts 299529t5 

2 8 114- - 
-729999ts 300001t5 
-729999t5 300621t5 

064969t I 
930671t1 

49617bt 1 
450112t1 

073351t1 
677 47tl 

100827t2 
bb4731tl 

143437t2 
147816t2 

FAKED FROM FE0 
240120-J-144961+6 776915t2 500. 2500.1 
2o9j$i-3-41462it7 777 07t2 2500; bOOO;l 

JANAF TAPt 7/71 L/h2 
567346-S 29860ot5 500932t2 500, 2500.1 
133922-3 90498Ot6 50094'7t2 2500. 6000.1 

JANAF TAPE 7/71 9/bb 
127136.3-22022Otb 701054+2 500. 2500.1 
604741-3 450blbt7 781830t2 2500, 6000.1 

JANAF TAPt 7/11 12/65 
71213313-101067t7 775393t2 500. 2500.1 
709930-3 254871t0 774139t2 2500. 6000.1 

JANAF TAPt 7/71 9167 
205401-3-589 33tb 056255t2 500. 2500.1 
101596-U-399 4+6 856163+2 2500. 6009.1 

2 0 174 JANAF TAPE 7/71 Y/b6 
102999t5 361197t5 1362bOt2 114650-3-434 01tb 97069Ot2 500. 2500.1 
182999t5 3bO082t5 124752t2 308316-3 374451t7 970578t2 2500. 6000.1 

2 8 1 40 JANAF TAPE f/71 12/65 
-b03999t5 364113t5 137473t2 bO8057-4'360 b3tb 95536Ot2 500, 2500,l 
-603999t5 364 34t5 130729t2 565440-5'202324tb 955332t2 2500. 6000.1 

3 0 JANAF TAPE 7/71 b/61 
340999tS 3605ObtS 134949t2 279023-3-bO0bV4tb 061 IQ+;- jOO,-2500.1 
340999t5 360300t5 1381Sbt2 140117-3-45o343tb 060944t2 2500, 6000.1 

3 0 174 JANAF TAPt r/71 9/bb 
-699999tS 515109t5 195275t2 127749-3-bS1083tb 110670t3 500. 2500.1 
-b990Y'?t5 515 23t5 

b 0 274 
-270199tb llSV20tb 
-270199tb 115922tb 

0 0 374 
-900699t6 162 00tb 
-400699t6 162 bat6 

9 8 3 74 
-483599tb 177602t6 
-483599t6 17750Otb 

12 a 4 74 
-670199tb 240077tb 
l 670199tb 24005Otb 

i9792Ot2 118794-4-4943!ibtb llOb64t3 2500; bOOO;i 
JANAF TAPE 7/71 9/bb 

43612Ot2 396799-4-711424th 196323t3 500. 2500.1 
43691Ot2 397773-5-647243tb 196321t3 2500, 6000.1 

JANAF TAPE 7/71 9/bb 
61191bt2 153279.3-1374lbt7 252703t3 500. 2500.1 
615 58t2 1436431U-116736*7 252696t3 2500. 6000.1 

JANAF TAk'E 7/71 9/66 
471350t2 160 79.3-15689lt7 26796Ot3 500. 2500.1 
674625t2 151193-4-135 57t7 26'7953t3 2500. 6000.1 

JANAF TAPE 7/71 9/b6 
90063Ot2~204100-3-193 b0t7 345 55t3 500. 2500.1 
912012t2 191577-U-165350*7 345 45t3 2500. 6000.1 

JANAF TAPE 7/71 3/67 
U6321Otl 207500-3 062 99t5 519934+2 500. 2500.1 
581149+1-392 06.4-217094t7 519096t2 2500. 6000.1 

1 14 
107699t4 140282tS 
107699tb 140175tf 

2 14 JANAF TAPE 7171 3/b7 
lUO999tb 271402t5 114 02t2-502556-3-530101tb 774695t2 500. 2500.1 
140999t6 272 72t5 Y556OOtl 137663.3 103517t7 774903t2 2500, 6000.1 

1 7 2 14 JANAF 3-31-67 
91(9949t< idO009tS 147054t2 355660.4-370129t6 93608Ot2 50.0 30001 
949999t5 390009t5 141298t2 157464-3 2239lbt1 93600Ot2 3000 60001 

-O.NZU', 
-0.N205 

N3 
-0,NJ 
-0.N3 

NB 
-O.NB 
-0,NB 

NW 
-0,NBO 
-O.NBO 

N0O2 
-0.N002 
-0.N002 

NI 
-0eNI 
-O.NI 

NIO 
-O.NIO 
-0,NIO 

0 
-0.0 
-0.0 

CIW 
-0 .uw 
-0,lIw 

OZR 
-0,ULH 
-0 .OZR 

0291 
-0,U2SI 
-0.02SI 

n2w 
-0,OZW 
-0.02w 

02ZR 
-0,OZZR 
-0,02ZH 

03 
-0.03 
-0.03 

u3w 
-0.03w 
-0,03Cr 

ObW2 
-0.ObW2 
-0.06W2 

U0W5 
-0.~10W3 
-o,oaw3 

UYW3 
-0.u9w3 
-0.09w3 

-012W4 
-O,Ul2W4 
-0.u12w4 

91 
-o.sr 
-0.91 

512 
-0,912 
-O.SIZ 

SIZN 
-0SI2N 
-0SI2N 

913 3 14 JANAF TAPE 7/71 3/bl 
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TABLE ~-1 (CONTINUED) 

b) (Continued) 

144Ilht2 295721'3-103976th Y7573Yt2 500. 2500.1 -0.915 
lh1149t2 169399-3-03944bt7 976 7St2 2500, 6000.1 -0,SIJ 

JANAF TAPE 7/71 b/b6 d 

151YVYtb 400047t5 
151999tb 401797tS 

1 74 
203399tb 212393t5 
203399t4 215927t5 

1 40 
140299tb 104629tS 
140299tb 10452St5 

172 2 0 
-266 59tb 613 2+5 
-266 59tb 062999t5 

172 17 
-082399t5 309049t5 
-002399t5 55290ots 

1 72 2 14- 
-31400 ts 551759t5 
-31400 t5 551759ts 

2 72 1 14 
-50000 t5 57351 ts 
-50000 ts 57351 +5 

1 24 
171 OtO 286119tS 
171 oto 3oobu9ts 

124 2 8 
-139999tb 63441btS 
wl39999tb 634416t5 

124 3 0 
-141399tb 033 18t5 
-141399tb 020999t5 

124 17 
-294999t5-246993t4 
-294999t5-246993t4 

124 2lU 
-30000 ts 551759,s 
-30000 t5 551759+5 

224 3 0 
-272649tb 029057tS 
-272bU9tb 013832tS 

313799t4 272949t5 

1 26 

i-26 2 24 4 0 
-3419 

0 oto 225599+5 

tb 120032tb 
-3419 tb l20032tb 

126 1 0 
-650199t5 413639+5 
-596419t5 4127bot5 

126 1 14 
-19200 t5 40125 t5 
-19200 t5 48125 t5 

226 1 7 
-099999t3 740305t5 
-099999t 3 748385t5 

226 3 8 
-197299tb 01627Ot5 
-197299tb 93640Ot5 

226 1 
-3UbOOotb 
-34bOOOtb 

326 4 
-2b7899tb 
-267099tb 

426 I 
-254999t4 
-254999t4 

1 72 

14 4 0 
130329tb 
138329tb 

0 
12247btb 
131131*6 

7 
122 10th 
122 18tb 

136361+2-25h943-2-150632tI 592576+2- 500, 2500.1 -o,.w 
339809tt 1OS 2-2 504251t7 593025t2 2500. 6000.1 -0.W 

JANAF TAPE 7/71 12/67 ZH 
493 21tl 974 70-3 307 02tb 505944t2 500. 
674723t1 U08707-J-346672+‘? 505900t2 2500. 

SCHICK b/lS/b3 
261655t2-434219-4-33baYStb 600415t2 2000. 
2S9997t2 335276-7 102399tU 607204t2 3173. 

SCHICK 12/3)1/63 
109244t2 225 a4-2-154403tb 410730t2 500. 
160 4+2-717110-7-2ba799+4 4Sb5bat2 3503; 

FAKED FROM MUSI2 
17/703t2 105134-2-3S090htb 559863t2 300. 
177703t2 105134-2-3509obtb 5598b3t2 1200. 

FAKED FHIJH NI2SI 
158 +2 329 -2 0 to s74 t2 290. 
15P t2 329 -2 0 to 514 +2 1000. 

SCHICK 9/15/62 
411174tl 361379-2 263972tS 259530t2 500. 
939bi2tl 101321-5 019199tU 2691UOt2 214a. 

SCHICK 
141 33t2 sa5454-2-210211th 570117t2 300. 
141 33t2 503454-2-2182lltb 570117t2 800. 

SCHICK 
18083bt2 707144-2-200355tb 0ollblt2 3OO. 
290 Ot2-SSb793-8-812499-O Y22963t2 470, 

000.2 
1700.2 

0-bOS 
3023bft2-173521-l-2b714St7 204122t2 400, 

JANAF TAPt i/71 3/65 

302367*2-173521-l-267145+7 204122t2 000. 
kAKkD FROM MUSI2 

1UU707+2-2905a9-2-1b4Soot7 2S7 95t2 500. 1809.;' 

177703t2 105134-2-35090btb 559abjt2 300. 
177703t2 105134-2-35OYObtb 559063t2 1200, 

0ULLt IIN 605 
302a24t2 bbL415-3-693337tb 004033t2 500. 
391547t2'336025-2-553594t7 H001H9t2 1000. 

1200.2 
1300.2 

1000.2 
1800.2 

2500.1 
6000.1 

3173.2 
4900.3 

3585.2 
4900.3 

1200.2 
1300.2 

1000.2 
1500.2 

2140.2 
2900.3 

800.2 
1500.2 

470.2 
900.3 

977902ti 400 36-3 511999t3 29U422t2 1009. 4500.3 
EVANS 

3896 t2 534 -2-762 tb 1351 t3 290, 1000.2 
3096 t2 534 -2-762 tb 1351 t3 1000. 1000.2 

JANAF TAPE 7/71 b/b5 
12637bt2 173747-2-lYb0bOtb 474991t2 500, 1607.2 
163 3+2-t333533-7-102399t4 500SIlt2 1647. SOOO.3 

EVANS 
1072 t2 43 -2 0 to u04 t2 290, 500.2 
1072 +2 43 -2 0 to 404 t2 500. 900.2 

B-605 1963 
111807t2 972196-2 49Vb32tb 705501t2 500, 1000.2 
lll087t2 972196-2 499632tb 785581t2 lOO0. 1000.2 

JANAF TAPE 7/71 b/b5 
495 30*2-950404-2-325 95t7 935541t2 500. 1500.2 
440235t2w240233-2-153431t0 9M5331t2 1500. 2500.2 

EVANS 
3651 t2 936 -2-67OOOOtb 14057 t3 290. 1000.2 
3651 t2 936 -2-67OOOOtb 14057 t3 1000. 1490.2 

JANAF TAPt 7/Il b/b5 
b24406+2'003379-2-2335obt7 141934t3 500, 1700.2 
594339+2-309 70-2’210303t8 145397t3 1700. 3000.2 

‘A-b05 1965 
195521t2 140990-f 111745t7 127 7bt3 500. 1000.2 
19552lt2 140990-1 111745t7 127 7bt3 1000. 1000.2 

SCHICK 3/15/63 

-O.ZR 
-0.m 

HkO2 
-0.HF02 
-0.HFU2 

HFN 
-0,HFN 
wO,HFN 

HFSI2 
-0.HkSI2 
-0.HF912 

--HF2YI 
-O.HFLSI 
-0.HF2SI 

Cl4 
-0,CR 
-0,CR 

CW02 
-O.CRUZ 
-O,CRrl2 

CHUJ 
-0,CRU3 
-o,CRU3 

CRN 
-O,CRN 
-0,CRN 

CRSIZ 
-O.CHSIZ 
LOICRSI2 

CR2kl3 
-O,CR203 

1 

l 

* 

l 

l 

* 

l 

l 

* 

l 

l 

l 

l 

l 

l 

* 

l 

* 

* 

l 

* 

l 

* 

* 

l 

* 

* 

* 

* 

-O,CR203 * 
FE l 

-O,FE * 
-O.FC I 

--FECR2UU* 
-o.FECR204* 
-O;FECR204* 

FtIJ * 
-0,FEll * 
-0,FEO l 

FtSI z 
-0,FESI l 

-O.FESI l 

FEZN l 

-0.FE2N l 

-O.FEZN * 
FE203 l 

-0.FE203 l 

-0.FE203 * 
FE2SICVIr 

-0.FEZSI04r 
-O.FE2SIOO* 

FE304 * 
-0.Ft304 * 
-0.Flz304 l 

FE4N l 

-0.FE4N l 

-0.FE4N l 

HF l 
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TABLE B-l (CONTINUED) 

b) (Continued) 

b5lVObtl lbVUlO-2-155YUYt4 305814t2 500, L4Yb.Z 
&loo at1-149 ll-7-319999t3 321359t2 249s. 4900.3 

FAKED FROM FESI 
1072 t2 43 -2 0 to 484 +2 298. 500.2 
1072 *2 43 -2 0 to 484 t2 500. 900.2 

JANAF TAPt 7//l b/b1 
11119Ot2 lb724Y-2-180535tb 384931t2 500. 3222.2 
139998t2 150324-7 103YY9t3 436571t2 3222. 6000.3 

JANAF TAPE 7/71 3/b7 
32727bt2 703 25-2-199 44tI 112842t3 500. 1700.2 
434915t2 560279-3-131105t7 110624t3 1100. 3000.2 

SCHICK 
565999tl 960 O-3 99999tl 24bblbt2 500. 2741.2 
199991tl 14Y 11-f 38399Yt3 2b95Y2t2 2741. 5000.3 

-662 oto 
4ll32 oto 

1 72 1 
-19200 +5 
-19200 l S 

1 7 1 
-a72999ts 
-694889t5 

4 7 5 
-17799Ytb 
-177999tb 

1 41 
-604 oto 
-600 otll 

26254 It5 
299729ts 
14 
US125 t5 
48125 t5 
40 
369549t5 
357659t5 
14 
114639tb 
109 3Ytb 

195696t5 
258619t5 

14111 7 
-5bU9YYtS 327bSOt5 
-564999tS 492319t5 

141 18 
-976999t5 373bO4t5 
-976999t5 394539tS 

141 2 8 
-190199+b 532354t5 
-190199tb 683449t5 

1 41 2 14 
-300000+5 551159ts 

SCHICK 
;;;650t3-5bb Ub-l-141317+9 387493t2 1.100. 2323.2 

0+2-572529-S-959999,2 454705t2 2323. 6000.3 
SCHICK 

100402+2 23U984-2-7H55b4+5 41oY31t2 500. 2218.2 
150 0+2-13969H-t3-31Y9Y9t2 421 Yht2 2218. 6000.3 

SCHICK 
198501+2-bVa492-7-1399Y9t5 5b57SBt2 1200. 2210.2 
1999%2 419 95-8 127V99tJ h30255t2 2?IO, 6000.3 

FAKED FH[itI MI.lSI2 
177703t2 iH5154-2-350906th 559ah5t2 300, 1200.2 

-3OOOOOt5 551759+5 1777oJtL 18513U-%-350Yub*6 55VHb5tZ 1200. 1500.2 
lU1 2 7 SCHICK 

-bOY9YYt5 54bYHHt5 170579t2 2111S5-2-3139Ubth bi'l5U7+2 500. 1500.2 
-b04999tS 5452'35t'i 165594t2 ZlVYR5-? 5OYllhth h.?h78l\ti! 1500. 2bOO.Z 

241 s 6 SCtiICK 
-454599tb 120668t6 3hHYVBt2 512 15-?-bUYY32tb I>tl45bt5 500. 1785.2 
-4545YYtb 154934tb 5hY9VYt2 130585-7 255YYVt5 14649&‘+5 1785, h000.3 

7 28 TtltHMIJ Pb<l)P IIF tLMTS 1956 
-139 OtO 24495Y+5 Sl‘? btl lV095b-2 9HH43/+5 252 2/t.? 100. 1725.2 
-139 OtO 272700t5 V20116t1-3~7025-o-20~7V9t4 ZHo8o2t2 l/25. 5000.3 

128 17 t)-bU'3 1963 
-5729VYtS 40b315t5 908778tl $2345 a-2 b7795bth 4155117t2 700. 1800.2 
-57299Yt5 Uob515t5 90ailtitl 523456-2 677936th 4155OltZ 1800, 2700.2 

128 llcr id-'lib tlvlHIlt'Y FAKtD 
-20500 t5 40900 t5 10 t2 512 -2 0 to 4353 t2 2V8. 1000.2 
-20500 t5 40900 t5 lo t2 312 -2 0 to h355 +2 1000. 15no.2 

128 214 kAKkD FFiUvI MUSI,? 
-30000 tS 551159t5 177703t2 18S13'J-2-55OYo6tb 559Rb3t2 300. 1?00.2 
-30000 t.5 551./59+5 177/03+2 185144-2-55UVdbtb 559I?hJtZ 1200. 1.100.2 

220 114 tVAluQ F ,IIHIIPY F~~tili 
-33500 ts 57351 t5 158 t2 529 -2 0 to 574 t2 ZYH, 1uon.2 
-33500 t5 57351 t5 15H t2 329 -2 u to 5,714 t2 1000. 1500.2 

2 8 114 JANAF TnPt 7/?1 h/b7 
-217699tb UhZbIQt5 174 37t2 2VV~89-3-lh4 hltb 470401+2 5un. 1696.2 
-215739tb UY4‘iYOtS ~051,,~t2-225191’5-5~44~‘~t1~ 4Vbll4t2 1bYb. U500.3 

? A 1 711 JANAF TAPE r/l1 9/66 
-lio9;9tb ii2203t5 145968t2 4165Ob-2 165L178t5 5hOlb7t2 ioo. 1700.2 
-140939th 5807/7tS 217559t2 254 Y7-2-122895tR 563BlHt2 1700. 3000.2 

2008 01 80 JANAF Ub/bl 
-2615OOtb Ua794btS 182127+2-777714-3 bHVlbHt7 52UQ?ot2 500. 2950.2 
-245518+6 511057015 19565Rt2 83114V-4 lh1931t 1 5YbO75t2 zY50. 5000.3 

3 B 1 74 JANAt TAPt l/71 V/h6 
-201459tb bB,?4/Yt5 2,?4Bi4+2 lYbYb/-2-525920th I.27 53t2 SOO. 1745.2 
-168554t6 78082Yt5 515 7t2-193715-b-l~IYVVt4 H5?420t? 1145. 5000.5 

4 8 1 14 1 uo JANAF lAPt I/71 h/h5 
-483735tb 942 hJt5 372RQ4t2-340914-3-17957/tl =)64256+2 5110. 1700.? 
-48373St6 940493t5 555393t2 17H5b2-3 126179t7 'Jb5575+% 1700. 5000.2 

1 14 JANAF TAPE 7/71 3/b? 
-373 Ot9 lH5054t5 5Db 41t1 918302-3-05767Yt5 191 VOt2 sno. 1bEIS.Z 

l1584VtS 175619t5 bUY9Y6tl 27V39h-t\ 51YVVVt2 ?5b530+2 lbB5. 11500.3 
1 74 IANAF 1At't 7/71 h/kc: 

- 

-0.W 
-O.HF h 

HFSI * 
-O.HFSl l 

-0,HFSI * 
NZR * 

-0,NZR * 
-0,NZR * 

N4SI3 * 
-O,N4SI3 * 
-0.N4S13 * 

NB * 

-0,NB * 

-O.NH * 

NBN * 
-0,NElN * 
-0,NBN * 

NHU * 
-0.Nlw l 

-0,NHU * 

NBLl2 l 

-O,Ntll-Jr! * 

-0,NBIJZ l 

NtiS12 * 
-0.NBS12 * 
-O.NHSI? * 

N‘lI$2N * 
-0.NM2N * 
-0,NOZN * 

NH205 * 
-O,NH2115 * 
-0.NB2n5 * 

NI * 
-0.NI * 
-O.NI * 

rvIU * 
- l.l . I\1 1 n * 
-lJ.NIfJ * 

hISI * 
-0.NI.51 * 
-0.hlISI * 

NISI2 * 
-Ll.NISIZ * 
-0.NIS12 l 

NI2SI * 
-O,r‘lI2SI A 
-lJ.Nl?Sl * 

U2SI * 
-O.llZSI * 
-0.U2Sl * 

ll2W I 
-u.u.?w * 
-rJ.l12# II 

u22u* 
loO.II2Lf?* 
100,I~22l+~ 

ll3rc * 
-0.Ll3rr * 
-0.115*r * 

I14SIZR * 
-0.114s12u * 
-0.114SI ZH * 

SI * 
-0.s1 * 
-0.s; * 

vi h 
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$45 oto 202 19 5+5 
112229ts 197539t5 

17u 214 
-22400 ts 5517s9t5 
-22400 ts 55175rt5 

1 40 
543 I)+0 250502+5 
b35 YYtq 19958Yt5 

1 00 1 14 
-37000 ts 48125 t5 
-37000 ts 4n12s ts 

140 214 
-28000 ts 551159t5 
-28000 t5 55175YtS 

2 40 1 10 
-50000 ts 57351 t5 
-soooo t5 57351 3s 

TABLE B-1 (CONCLUDED) 

b) (Concluded) 

25Ub?2+1 263&20-2 7Sbls4ib 25652YtZ soo. 3681.2 
84999Otl 135 41-7 71999Yt3 265905t2 3681. 6000.3 

FAKtD FRUM PIUS12 
177703t2 185134-2-350906t6 5598b3t2 300. 1200.2 
177703t2 185134-2-350906t6 559863t2 1200. 1300.2 

JANAF TAPE 7/11 12/67 
990195+1-901510-3-809985+6 290302t2 500. 2200.2 
799999+1-001 oto-809 O+O 292 2+2 2200, 5500.3 

FAKED FROM FESI 
10’72 t2 43 -2 O to 484 t2 298, 500.2 
1072 t2 43 -2 0 to 484 t2 500. YUO.2 

FAKED FROM #US12 
177703t2 185134-2-35OYO6t6 559663t2 300. 1200.2 
177703t2 185134-2-350Y06tb 55986Jt2 1200, 1300.2 

FAKED FHLIM NIdSI 
158 ti? 329 -2 0 to 574 t2 298. 1000.2 
158 t2 329 -2 0 to 574 t2 1000. 1500.2 

-0.W 
-0.W 

HSI2 
-0.~S12 
-0.rrSI2 

ZR 
-o.ZR 
-O.ZH 

LRS1 
-0.ZRS1 
-0,ZRSI 

zus12 
-0,ZRSIZ 
-0.ZHS12 

ZR2SI 
-0,ZRLSI 
-0,ZRZSI 

5 41 5 14 FAKED FHlHl MU5SI3 NBS913 * 
-630000tS 600000tS 2222 t2 65oOOOt2 298. 500.2 -0.NB5SI3 * 
-63OOOOtS 6OOOOOt5 2222 t2 6300Oot2 SOO, 27S3.2 -0.NBSS13 l 

94 



TABLE B-2 

SPECIES WITH ASSUMED PROPERTIES 

Species Ref. Data Assumptions 

NiO(g) 

CrSi2(s) 

B-l The thermochemical properties of FeO(g) were used. 

;::* 
Specific heat data was generated from a formula for 
specific heat for MoSi2(s). The heat of formation 
is an average of the values reported for MoSi (s) 
in References B-3 and B-7. The entropy of Fe i(s) s- 
at 29V'K was used. 

HfSi(s) 

HfSi2(s) 

The thermochemical properties of FeSi(s) were used. 

Specific heat data was generated from a formula for 
specific heat for MoSi2(s). The heat of formation 
is an average of the values reported for MoSi (s) 
in References B-3 and B-7. The entropy of Fe l(s) s* 
at 298°K was used. 

Hf2Si(s) 

NbSi2(s) 

B-3 The thermochemical properties of Ni 
The heat of formation is the heat o P 

Si(s) were used. 
formation of 

Zr2Si(s). The entropy of FeSi(s) at 298'K was used. 

B-3, Specific heat data was generated from a formula for 
B-7 specific heat for MoSi2(s). The heat of formation 

is an average of the values reported for MoSi (s) 
in References B-3 and B-7. The entropy of Fe i(s) P- 
at 298°K was used. 

Nisi(s) B-3 In addition to data for Nisi(s) the entropy of 
FeSi(s) at 298'K was used. 

NiSi2(s) B-3, 
B-7 

Specific heat data was generated from a formula for 
specific heat for MoSi2(s). The heat of formation 
is an average of the values reported for MoSi (s) 
in References B-3 and B-7. The entropy of Fe 6. i(s) 
at 298'K was used. 

Ni2Si(s) 

WSi2(s) 

B-3 

B-7 

The entropy of FeSi(s) at 298'K was used. 

Specific heat data were generated from a formula 
for MoSi(s). The entropy of FeSi(s) at 298°K was 
used. 

ZrSi(s) 

ZrSi2(s) 

B-3, 
B-7 

B-7 

The heat of formation is that of ZrSi(s). All 
other data used was for FeSi(s). 

Specific heat data were generated from a formula 
for MoSi(s). The entropy of FeSi(s) at 298°K was 
used. 

Zr2Si(s) B-3, 
B-7 

The heat of formation is that of Zr2Si(s). All 
other data used is that of Ni2Si(s). 

Nb5Si3(s) B-3, The specific heat was assumed to equal the 
B-7 specific heat of MO Si3(s) at 298'K. The entropy 

at 298'K was assume 8 equal to that of FeSi(s). 
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B.2 OXIDE FILM AND COATING ELEMENTAL COMPOSITIONS 

For the ACE code predictions of the thermochemical response of bare 
TDNiCr, the presence of the trace amount of thorium was neglected and the 
composition was taken as 

Species 

Cr 

Mass Fraction 

0.20 

Mole Fraction 

0.22 

Ni 0.80 0.78 

For the predictions of the ablation of the Cr203* and NiO* films, the surface 
elemental composition was taken as that implied by the associated molecular 
formula. 

The surface chemical compositions of the R512E and VH-109 coatings 
considered were obtained from the fabricators (Sylvania and VacHyd) and 
were converted to elemental compositions for input to the ACE code. These 
elemental compositions are: 

Coating 

VH-109 

Element Mole Fraction 

Si 0.5066 
Cr 0.1307 
Nb 0.2701 
W 0.0218 
Hf 0.0708 

R512E Si 0.6757 
Cr 0.0080 
Fe 0.0020 
Nb 0.3042 
W 0.0100 

B.3 OXIDE FILM FORMATION RATE CONSTANTS 

The formation of the oxide film is assumed to occur via the mechanism of 
parabolic oxidation. As discussed in Section 3.2.1, the empirical parabolic 
oxidation law used treats the absorption of oxygen and associated formation of 
oxide scale from a global viewpoint, ignoring the microscopic mechanisms in- 
volved in the scale growth. Accordingly, the rate of consumption of oxygen in 
the formation of the oxide scale (kg 02/m2sec) is given by 

. B 
m02 = yp e 

-Ea/8Tw 
(B-2) 
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where 

yP 
- thickness of the oxide scale 

Ea = activation energy for formation of the oxide specie, 4.63 x lo4 
Cal/m01 

TW 
= surface temperature 

,* = universal gas constant 

and the,constant B is given by 
-1 

where 

B 1 C-K 

[ 

'02/oxide MO2 

2 o Moxide 
P 

I 
oxide 

KO 
= 2.57 x 10-3(kg/m2)2/sec (1.08 x lOa (lb/ft')'/sec) 

'02/oxide = oxygen stoichiometric coefficient for oxide formation 

M02 
= molecular weight of oxygen 

M oxide = molecular weight of oxide 

'oxide = density of oxide 

The values of Ea and K. were taken from Reference B-8. 

For the formation of Cr203* scale, 

'02/Cr203* = 3/2 

M02 
= 32 

M Cr203* = 152 

'Cr203* = 5.21 x 10"kg/m3 (3.25 x 1021b/ft3) 

(B-3) 

so that 

B = 0.781 x 10B6kg 02/m set 

= (0.526 x 10m6 lb 02/ft set) 
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For the formation of NiO* scale 

MQ2 
= 32 

%iO* = 74.71 

'NiO* = 5.05 x lo3 kg/m3 (3.15 x 1021b/ft3) 

so that 

B = 1.19 x 10B6 kg 02/m set 

(0.799 x 1o-6 lbm 02/ft set) 

B.4 DENSITIES, SPECIFIC HEATS, AND THERMAL CONDUCTIVITIES 

In order to analyze the in-depth thermal response of the materials of 
interest, their densities, specific heats, and thermal conductivities as a 
function of temperature must be known. In the case of TD NiCr, this information 
for both the oxide film and the pure alloy is required, while for coated 
columbium, this information is needed for both the base material and the 
coating. The calculations presented in Section 5.2 were made assuming that each 
of the metals was backed by 0.038 meters (1.50 inches) of insulation. Density, 
thermal conductivity, and specific heat is therefore also required for this 
material. The densities used in the computations were: 

Material P# kg/m' 

Cr203* 5.21 x lo3 

NiO* 5.05 x 103 

TD NiCr 8.52 x lo3 

MoSi2* 6.00 x 10" 

Cb 9.50 x 103 

Insulation 0.056 x lo3 

p, lb/ft3 

3.25 x 10' 

3.15 x lo* 

5.32 x lo* 

3.75 x lo2 

5.93 x lo2 

3.50 

where molybdenum disilicide was taken as representative of the columbium 
coatings considered. The density of TD NiCr was taken from Reference B-8, 
that for the insulation from Reference B-9, and all other densities from 
Reference B-10. 
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The thermal conductivities and specific heats used in the computations 
are presented in Table B-3. The superscripts in parenthesis in the table 
indicate references from which the data were taken. Data presented in Refer- 
ence B-11 indicate that the specific heats and thermal conductivities of Cr203* 
and NiO* are essentially identical. Again, molybdenum disilicide was taken as 
representative of the coatings considered. 

B.5 MASS TRANSFER COEFFICIENTS 

Since the ACE code provides only nondimensional ablation rates, mass 
transfer coefficients are required in order to obtain the surface 
as a function of surface temperature which is required by the CMA 
The mass transfer coefficients were assumed to be constant at the 
sented in Table 3.' 

recession rate 
and OFFA codes. 
values pre- 

Material cM' kg/m'sec CM, lb/ft'sec 

TD NiCr 6.35 x 1O-3 1.3 x 10-3 

Coated Cb 1.17 x 10-z 2.4 x 1O-3 

B.6 NODAL NETWORKS 

Since the CMA and OFFA codes solve the governing differential equations 
in finite-difference form, a suitable nodal network must be established. For 
the TD NiCr problem, the following set of 18 nodal thicknesses was used: 

Meters Inches 

2.54 x 1O-6 
5.08 x 1O-6 
5.08 x 1O-6 

1.27 x 1O-5 
1.27 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
2.54 x 1O-5 
3.81 x 1O-5 

0.0001 I 
0.0002 

J 

Initial oxide thickness 
0.0002 

0.0005 
0.0005 
0.0010 
0.0010 
0.0010 Initial pure alloy thickness 
0.0010 
0.0010 
0.0010 
0.0010 
0.0015 i 

lCM 
= yeZ'J and Le was assumed to be unity. 
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TABLE B-3 

THERMAL PROPERTIES 

a) SI Units 

I Material 
I 

Temperatur 
("K) 

Cr203* L NiO* 

TD NiCr 

MOSi z* 

Cb 

Insulation 

500 

700 

1000 

1200 

1400 

1600 

1800 

278 

1389 

278 

556 

833 

1111 

1250 

1389 

1667 

889 

1111 

1333 

256 

589 

811 

1033 

1256 

a) Numbers in parentheses indicate reference sources. 

Thermal 
Conductivity 

(W/m'"K)a 

Specific 
Heat 

(J/kg"K)a 

9.68 (B-11) 1378 (B-6) 

6.92 1454 

4.84 1499 

4.50 1544 

4.50 1566 

4.50 1566 

4.50 1555 

9.52 (B-11) 798 (B-11 

2.87 1280 

4.84 (B-11) 753 (B-71 

3.98 866 

3.29 904 

2.59 941 

2.25 979 

2.07 979 

1.56 979 

66.30 (B-12) 459 (B-12) 

70.65 482 

76.87 520 

0.026 (B-9) 2259 (B-9) 

0.049 2259 

0.081 2259 

0.126 2259 

0.182 2259 
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Material 

Cr203y 6 NiO* 

TD NiCr 

140si2* 

Cb 

Insulation 

TABLE B-3 (CONCLUDED) 

b) Conventional Units 

erjlvre 
900 

1260 

1800 

2160 

2520 

2880 

3240 

500 

2500 

500 

1000 

1500 

2000 

2250 

2500 

3000 

1600 

2000 

2400 

460 

1060 

1460 

1860 

2260 

Themal Conductivity 
(Btu/ft secOR)a 

Specific Heat 
(Btu/lb"R)a 

1.555 x 10" (B-11) 

1.112 

0.778 

0.723 

0.723 

0.723 

0.723 

1.530 x 1O-3 (B-l-1) 

4.61 I 

0.183 (B-6) 

0.193 

0.199 

0.205 

0.208 

0.208 

0.2065 

0.106 (B-11) 

0.170 

0.100 (B-11) 

0.115 

0.120 

0.125 

0.130 

0.130 

0.130 

0.061 (B-12) 

0.064 

0.069 

0.3 (B-9) 
0.3 

0.3 

0.3 

0.3 

7.780 x lo-" (B-11) 

6.40 

5.28 

4.16 

3.61 

3.33 

2.50 

1.065 x 10" (B-12) 

1.135 

1.235 

0.417 x 10" (B-9) 

0.721 

1.305 

2.025 

2.920 

a) Numbers is parentheses indicate reference sources. 
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7.62 x 1O-3 0.3 
7.62 x 1O-3 0.3 
7.62 x 10-j 0.3 Backup insulation 

7.62 x 1O-3 0.3 

The following set of 19 nodes was used for the predictions of coated columbium 
response: 

Meters 

1.52 x 1O-5 
3.05 x 10-5 
3.05 x 10-5 

3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 
3.18 x 1O-5 

3.05 x 1o-5 
3.05 x 1o-5 
1.52 x 1O-5 

7.62 x 1O-3 
7.62 x 1O-3 
7.62 x 1O-3 
7.62 x 1O-3 
7.62 x lo-' 

Inches 

0.0006 
0.0012 
0.0012 I- 

O-00125 
0.00125 
0.00125 
0.00125 
0.00125 
0.00125 
0.00125 
0.00125 i 

0.0012 
0.0012 
0.0006 > 

0.3 
0.3 
0.3 
0.3 
0.3 I 

Coating 

Base material 

Coating 

Backup insulation 
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B-l. 

B-2. 

B-3. 

B-4. 

B-5. 

B-6, 

B-7. 

B-8. 

B-9. 
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APPENDIX C 

EXPERIMENTAL EVALUATION OF MATERIAL RESPONSE 

A more detailed description of the test program and the test results for 
evaluation of material response is presented in this appendix. 

c.1 TEST FACILITY 

The tests were performed in the Aerothenn 1.5~MW arc plasma facility 
described in Table C-l. The basic arc heater configuration for both the 300-kw 
and 1.5-MW units employed is shown schematically in Figure 5. In the arc unit, 
the energy is added to the primary test gas via a steady electric arc discharge, 
the arc striking from the tungsten cathode-to-f;&-downstream diverging copper 
anode. The primary test gas was high purity nitrogen 

._--. 
and was introduced at the 

downstream end of the cathode module. The secondary gas was high purity oxygen 
in the proper amount to yield the required test gas compositions and was intro- 
duced in the plenum and mixing chamber or in the constrictor column just down- 
stream of the cathode. 

The arc heater and associated hardware were cooled with high pressure, 
deionized water. Power was supplied by a 660-kw continuous duty, 1.5~MW over- 
load saturable reactor controlled DC rectifier. Continuous vacuum pumping 
capability was provided by a five-stage steam ejector vacuum pumping system. 

The model stings were pneumatically actuated to provide a radial motion 
in and out of the test stream and included variable stop positions for step- 
wise tranverse of the test stream. The stings were water cooled to provide 
continuous duty operation at all test conditions. Three stings were employed as 
follows: 

Sting Model Configuration 
Position Sample Tests Calibration Tests 

2 Test Sample Model Pressure Probe 
3 Calibration Model Calibration Model 
4 Test Sample Model Calorimeter 

These model configurations are described in subsequent sections. 
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l Arc Heater 

Type 
Input Power 
Chamber Pressure 
Enthalpy 
Gas Flow Rate 
Gas Compositions 

Stabilization 
Electrodes 

D Power Supply 

Type 
Rating 

8 Nozzle and Test Sections 

Supersonic Nozzles 
Exit Diameter 
Throat Diameter 
Area Ratio 
Expansion Angle 

Duct Flow Apparatus 
Size 

Model Size/Shape 

Sonic Nozzles 
Throat Diameter 
Type 

D Test Chamber 

Size 
Chamber Cooling 
Viewing and Access 

b Vacuum System 

Type 
Capacity 

) Model Sting System 

Type 
Capacity 

b Instrumentation 

Enthalpy 
Flow Rate 
Temperature 
Pressure 
Recording 
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TABLE C-l 

DESCRIPTION OF TEST FACILITY 

a) SI Units 

Aerotherm 1.5 Mw and 300 Kw Constrictor Arc Heaters ~ 
1.2 Mw to 50 kw DC, 300 to 10 kw DC 
4.05 x lo3 to 3.04 x lo6 N/m2 
4.18 x lo6 to 3.35 x lOa J/kg 
9.07 x 10e4 to 6.80 x 10m2 kg/set 
N2,0 , Air, He, A, H2, C02, CO, H20, HCl BF3, solid particles 

an 2 mixtures of the above 
Gas 
Copper/Tungsten, Copper/Copper 

Rectifier, saturable reactor controlled 
800 Kilowatts for 1 hour, 1 megawatt for 10 minutes 

2.03 x 10-l to 1.14 x lo-' meters 
2.54 x 10m2 to 8.13 x 10m3 meters ' lo combinations 
64 to 2 
7.5" and 8.5' half angle, and contoured 

2.54 x 10-l to 1.27 x lo-' meters high, 7.62 x 10s2 to 
1.27 x 10-l meters long, 2.54 x lo-2 meters wide 

1.27 x lo-* to 2.54 x 10-l meters thick/flat or contoured 

7.62 x lo-* to 2.54 x 10-l meters 
Water cooled or ablating test section 

1.07 meters diameter by 4.57 meters long 
Cooled diffuser with heat exchanger 
2 -.305 x .406 meter windows, 4 - .076 meter dia. quartz windows 

Steam ejector, 5 stage continuous operation 
4.54 x 10-*kg/see at 1.33 x lo3 N/m2, 9.07 x 10m3kg/sec at 

2.66 x lO'N/m*, 1.81 x 10m3kg/sec at 6.67 N/m* 

Pneumatic actuated, variable insertion speed, 
7 stings per test maximum 

Energy balance, mass balance, heat flux potential 
ASME orifice, rotometer 
Thermocouple, thermopile, pyrometer 
Strain gauge & reluctance transducers and Bourdon tube gauge 
High Speed 80-channel digital data acquisition system with 

magnetic tape recording, high speed 36-channel oscillo- 
graph, digital and potentiometric recorders, oscilloscopes 



TABLE c-i (CONCLUDED) 

b) Conventional Units 

l Arc Heater 

Type 
Input Power 
Chamber Pressure 
Enthalpy 
Gas Flow Rate 
Gas Compositions 

Stabilization 
Electrodes 

l Power Supply 

Type 
Rating 

l Nozzles and Test Sections 

Supersonic Nozzles 
Exit Diameter 
Throat Diameter 
Area Ratio 
Expansion Angle 

Duct Flow Apparatus 
Size 
Model Size/Shape 

Sonic Nozzles 
Throat Diameter 
Type 

l Test Chamber 

Size 
Chamber Cooling 
Viewing and Access 

0 Vacuum System 

Type 
Capacity 

l Model Sting System 

Type 
Capacity 

0 Instrumentation 

Enthalpy 
Flow Rate 
Temperature 
Pressure 
Recording 

Aerotherm 1.5 Mw and 300 kw Constrictor Arc Heaters 
1.2 Mw to 50 kw DC, 300 to 10 kw DC 
0.04 to 30 atm 
1000 to 80,000 Btu/lb 
0.002 to 0.15 lblsec 
N2, 02, Air, He, A, H2, C02, CO, H20, HCl, BF3, Solid par- 

ticles, and mixtures of the above 
Gas 
Copper/Tungsten, Copper/Copper 

Rectifier, Saturable reactor controlled 
800 kilowatts for 1 hour, 1 megawatt for 10 minutes 

8.0 to 0.45 inch 64 1 o to to 2 o . 32 inch 1 10 Combinations 

7.5" and 8.5" half angle, and contoured 

0.1 to 0.5 inch high, 3.0 to 5.0 inch long, 1.0 inch wide 
0.5 to 1.0 inch thick/flat or contoured 

0.3 to 1.0 inch 
Water cooled or ablating test section 

3.5 ft. diameter by 15 ft. long 
Cooled diffuser with heat exchanger 
2- 12 x 16 inch windows, 4 - 3 in. diameter quartz windows 

Steam ejector, 5 stage continuous operation 
0.1 lb/set at 10 torr, 0.02 lb/set at 0.2 torr, 0.004 lbfsec 

at 0.05 torr 

Pneumatic actuated, variable insertion speed 
7 stings per test maximum 

Energy balance, mass balance, heat flux potential 
ASME orifice, rotometer 
Thermocouple, thermopile, pyrometer 
Strain gauge & reluctance transducers and Bourdon tube gauge 
High speed 80-channel digital data acquisition system with 

magnetic tape recording, high speed 36-channel oscillo- 
graph, digital and potentiometric recorders, oscilloscopes 
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The test data were recorded on magnetic tape with an 80-channel digital 
data acquisition system. The magnetic data tape was converted to an unscrambled 
easily readable format on a second magnetic tape which served directly as the 
input to the data reduction computer code. 

c.2 MODEL AND TEST SAMPLE CONFIGURATIONS 

The model configurations employed in the test program were: 

l Flat face stagnation point models 

- 0.121 - meter (4.75-inch) body diameter 

- O-0318- meter (1.25-inch) body diameter 

l Wedge Model 

- 30° half angle, 0.0127-meter (0.5-inch) nose radius 

As shown in Figures C-l, C-2, 6, and 7. The test models were made of copper and 
were water cooled to: 

l Provide a well defined back wall boundary condition 

l Allow continuous operation at all test conditions 

a Provide the necessary sample cooldown between cycles 

The stagnation point models employed a peripheral copper ring to insure that the 
test samples were not exposed to any unusual thermal or aerodynamic edge effects. 
For the wedge model, a Gardon-type calorimeter and a pressure tap were employed 
in the nose of the model for continuously monitoring the test conditions through- 
out each test. The backup insulator included two (stagnation point) and 5 

(wedge, each side) instrumented thermocouple plugs (Figures C-l and C-2). Each 
plug contained 3 Chromel/Alumel thermocouples for in-depth temperature measure- 
ment and definition of the backwall heat loss. These thermocouples were on a 
line offset from but parallel to the axis of the plug; a hole on the plug axis 
accommodated the spring-loaded thermocouple. 

c.3 INSTRUMENTATION AND DATA REDUCTION 

Instrumentation was provided and data reduction was performed to define: 

0 Arc heater and facility operating conditions 

0 Test stream and model boundary conditions 

a Test sample response 

All data except for transient calorimetry were recorded on magnetic tape using 
the 80-channel digital data acquisition system. The data acquisition system 
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was set to trigger every minute and to scan at a rate of 43 channels per second. 
The unscrambled data tape served as the input to the data reduction code which 
computed a31 data in proper units (e.g., OF, atm, Btu/ft* -set) and also computed 
the appropriate multi-variable test and operating conditions ‘(e.g., 'energy and 
mass balance enthalpies, efficiency). The output from the transient calorimeters 
was recorded on a high-speed, 36-channel oscillograph. In some cases, data were 
recorded by hand from visual indicators, primarily as a backup to the recorded 
data. The instrumentation and data reduction in the above three categories is 
presented in the following paragraphs. 

C.3.1 Operating Condition Measurements 

The following basic operating condition measurements were made to char- 
acterize arc heater and facility performance: 

l Voltage 
i 

l Current i 

l Gas mass flow rate 

l Cooling water flow rate 

l Cooling water temperature rise 

l Arc chamber pressure 

l Test cabin pressure 

Table C-2 summarizes the various measuring devices and the standard laboratory 
methods employed. The flow rates of nitrogen and oxygen were measured separately. 
Depending on the flow rates, calibrated rotameters or calibrated sharp edge ASME 
standard orifices were used to set and meter these gas flow rates. A calibrated 
sharp edge ASME standard orifice was used to meter the cooling water flow rate. 
The arc heater cooling water temperature rise differential thermopile consisted 
of a four-pair copper-constantan thermocouple assembly. Arc heater and test 
cabin pressures were measured by one of several absolute pressure strain gauge 
transducers depending on operating conditions. The transducer output signal 
was suitable amplified for recording. Test cabin pressure was also.periodically 
checked with a McLeod gauge and was visually monitored during each test with a 
thermocouple gauge pressure indicator. I 
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TABLE C-2 

OPERATING CONDITION MEASUREMENTS 

Arc Voltage 

Arc current 

Gas mass flow 

Cooling water 
flow rate 

Voltage divider 

Sharp edge orifice 

Voltage divider O-50 millivolts 

O-50 millivolts 

Percent of full -- 
scale or differ- 
ential pressure 

Cooling water Dial thermometer 
temperature rise 

Deg. Fahrenheit O-20 millivolts 

Arc chamber Absolute pressure 
pressure 
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C.3.2 Test Condition Measurements 

The boundary conditions to which the test samples were exposed were de- 
fined by: 

0 Enthalpy 

+ Pressure 

9 Beat flux 

0 Surface catalycity effect 

Three enthalpy measurement methods were employed: 

0 Energy balance 

l Mass balance (sonic flow) 

0 Heat flux 

The first two methods provided the average stream enthalpy and the last method 
provided local enthalpy. Energy balance enthalpy was determined from measure- 
ments of input power, total energy loss to the cooling water, and gas flow rate 
from the relation 

Q. 
h eb = 

m - Qloss EI - I$ $Tw 
= . 

mg lil 
(C-1) 

where the measurement of the necessary operating conditions (E, 1, is, k, ATW) 
was presented above. The mass balance enthalpy was determined from the relation 

. mg= 
PoA* f (hmb) 

where this sonic flow parameter (left term) is essentially a function of enthalpy 
only. This function has been determined in Reference C-l to enthalpies of 
4.15 x lO'J/kg (10,000 Btu/lb), and was refined and extended to higher enthal- 
pies using the ACE computer code (Section 3.2.2). The measurement of the 
necessary operating conditions (& and po) was presented above and A, is the throat 
area. The heat flux enthalpy was determined from calorimeter measurements of 
heating rate and the calculation of heat transfer coefficient. This enthalpy is 
given by 

9 
hhf CB 

,=+hw 

where q, is the stagnation convective heat flux measured by a catalytic surface 
calorimeter, CB is the calculated heat transfer coefficient, and hw is the en- 
thalpy corresponding to the calorimeter surface temperature. The heat transfer 

113 



coefficient was calculated from the relation (Reference 4) 

CH = 0.042 

where ps is the measured stagnation pressure and 
.^ 

R eff = 3.78 s 

(C-4) 

(C-5) 

for a flat face model at moderate to high Mach number (Reference 5). 

Heat flux and pressure measurements were made as follows: 

0 Calibration model of identical geometry to the 0.121-meter (4.75- 
inch) diameter test model (Figure C-l) for model property distribu- 
tions - 6 Gardon type calorimeters and 6 pressure taps 

0 Calibration model of identical geometry to the 0.0318-meter (1.25- 
inch) test model (Figure C-l) for model heat flux measurements and 
for stream property surveys - Gardon-type calorimeter 

l Calibration model of identical geometry to the wedge test model (Figure 
C-2) for model property distributions - 7 Gardon-type calorimeters 
on one side, 1 on the other side, and 1 in the nose: 3 pressure taps 
on one side, 1 on the other side, and 1 in the nose. 

l 0.0095-meter (0.375-inch) diameter pitot probe for stream property 
surveys 

l Calorimeter model of identical geometry to the 0.121-meter (4.75- 
inch) diameter test model (Figure C-l) for surface catalycity 
measurements - slug calorimeter 

The 0.121-meter (4.75-inch) stagnation point calibration model is shown in 
Figure C-3 and the wedge calibration model is shown in Figure C-4. The model 
bodies were copper and were water cooled. The calorimeters for the stagnation 
point models were individually water cooled and those for the wedge model were 
cooled by conduction to the body of the copper model. The configuration and 
assembly details of the calorimeters used for surface catalycity measurements 
are presented in Figure C-5. The surface treatments employed on these calori- 
meters were: 

0 Catalytic - clean, polished copper 

l Noncatalytic - teflon coated copper 
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C-3.3 Test Sample Response 

The test sample response was defined quantitatively by measurements of 
surface and in-depth temperatures, surface recession, and weight loss, and 
qualitatively by photography as presented in Table C-3. The surface temperature 
was measured pyrometrically with 3 different pyrometers: 

a Infrared Industries Thermodot TD-9 Pyrometer - sensing wavelength of 
0.8 microns, moderate to high temperatures, relatively insensitive 
to emissivity 

l Infrared Industries Thermodot TD-7 Pyrometer - sensing wavelength 
range from 1.7 to 2.6 microns, low to moderate temperatures, re- 
quires accurate knowledge of emissivity 

l Thermogage Miniature Optical Pyrometer - peak sensing wavelength of 
0.9 microns, low to high temperatures 

The TD-9 pyrometer was used for all tests but those at a nominal surface tem- 
perature of 1090'K (1500'F) for which the TD-7 pyrometer was used. Two TD-9 
pyrometers were used for the wedge tests to allow simultaneous measurements on 
both test samples. The primary pyrometer or pyrometers (TD-9 or TD-7 for 
stagnation point and TD-9's for wedge) were mounted on oscillating mechanisms 
which indexed the pyrometers every minute. These units described the five 
position pattern shown below where the a and b dimensions were adjustable to 
accomodate viewing the model at any angle. 

b l 

Stagnation 
Taint Mcdel Test Sample Wedge Model 

I.18 

II 



TABLE C-3 

TEST SAMPLE RESPONSE INSTRUMENTATION 

Variable 
- ---~ 

Surface Temperature 
Primary 

Secondary 

Backwall Temperatures 

Backup Insulator In- 
Depth Temperatures 

Surface Recession 

Weight Loss 

Qualitative Response 

Instrumentation 
- - 

TD-9C and/or TD-9F or TD-7 
Pyrometers 

Thermogage, TD-7, and/or 
TD-9F pyrometers 

Pt/Pt 13% Rh Spring-loaded 
TC 

C/A TC 

Microscope Micrometer 

Semi-Micro Analytic Balance 

35 mm Color Slides 
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Backwall temperatures were measured with platinum/platinum 13 percent 
rhodium spring-loaded thermocouples with a 0.00079-meter (0.031-inch) diameter 
insulator and 0.000076-meter (3-mil) thermoc&ple wire. The Silfrax backup 
insulator was instrumented at each of the measurement locations with three 
Chromel/Alumel thermocouples as discussed previously. 

Surface recession was measured by a special microscope micrometer shown 
in Figure C-6. This device employed the microscope focus as the surface posi- 
tion indicator. This non-contact technique was necessary to insure no distur- 
bance of the typically delicate surface coatings and oxide films. Weight loss 
was measured with a conventional semi-micro analytic balance and the qualitative 
test sample response was defined by pre- and post-test 35 mm color still photog- 
raphy. Surface recession and weight loss measurements and color photography 
were performed after every sample change. 

c.4 CALIBRATION TEST RESULTS 

Calibration tests were performed at the nominal test conditions to de- 
fine the: 

l Centerline and bulk average properties 

l Distribution of properties across the test stream (stagnation point 
model conditions only) 

l Distribution of properties on the test model 

l Catalytic and noncatalytic surface heat flux (stagnation point 
model conditions only) 

The results of the calibration tests are presented in the following subsections. 

C.4.1 Centerline and Average Properties 

The basic test conditions were defined by measurements of the centerline 
and average properties as follows: 

l Enthalpy 

- Energy balance (average) 

- Mass balance (average) 

- Heat flux (centerline) 

l Stagnation (pitot) pressure (centerline) 

l Cold wall heat flux (centerline) 

These results for the nominal test conditions are presented in Tables 7 and 8. 
All measurements but heat flux enthalpy and model heat flux were obtained 
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Figure C-6. Microscope Micrometer for Surface Recession Measurement 
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directly from the data for particular calibration test. Heat flux enthalp- 
was defined from Equations (C-3) through (C-5) and from the calibration model 
results obtained during both the calibration and sample test series. This 
enthalpy was plotted as a function of current, as shown for example in 
Figure C-7 for test condition 1, and the best-fit line then used to define the 
enthalpy value for the measured current. The model cold wall heat flux pre- 
sented in the table was calculated front Equation (1) where ho = hhf and hw = 0. 

The basic test condition seen by the test model was defined by the 
centerline property values (Tables 7 and 8): 

l Heat flux enthalpy 

l Stagnation pressure 

l Model heat flux 

Note that the heat flux enthalpy at the centerline was somewhat higher than 
the two enahalpies which define the average across the stream. 

C.4.2 Stream Distributions 

The measured distributions of stagnation pressure and heat flux'across 
the test stream are presented in Figure C-8 for all nominal stagnation point 
model test conditions. The distributions are essentially flat across the 
model region for all conditions except test condition 8. The less favorable 
distribution for test condition 8 was due to the low pressure operating condi- 
tions required. This nonuniformity is not as apparent in the model distribu- 
tions (Section C.4.3) since the stream tube that the model sees is smaller 
than the model diameter. The measurements on the opposite side of the stream 
centerline indicate that the test stream is symmetric about the centerline. 

C.4.3 Model Distributions 

The measured distributions of heat flux and stagnation pressure across 
the model face are presented in Figure C-9 for all stagnation point model test ,- 
conditions. The scatter in the heat flux measurements is felt to be due to 
scatter in the calorimeter performance and not an indication of the actual 
distribution on the model. Irregularities in the sensor surface and in the 
surface at its attachment to the calorimeter body and the resultant distur- 
bance to the convective heating are the probable cause. Note that the pres- 
sure distributions are uniform. The distributions are relatively flat for all 
test conditions. The circumferential uniformity (as defined by the pressure 
measurements) is seen to be excellent at all conditions. 
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The measured distributions of heat flux and local pressure on the model 
surface are presented in Figure C-10 for all wedge model test conditions. The 
results for test conditions 5 and 13 are consistent but show an unusually large 
gradient in heat flux. No definitive explanation for this was found. Al- 
though the trends correspond to a laminar boundary layer (g - s- 'A? ) starting 
at s/L = 0.35 to 0.40, there is no reason to believe that the boundary layer 

was somehow tripped at this location. The results for the other two test condii 
tions (6 and 7) exhibit an unusually large scatter. The most logical explana- 
tions for this scatter appear to be as follows: 

0 As indicated in the sketch below, the interaction of the wedge shock 
and the nozzle exit shock (due to a slightly underexpanded nozzle 
condition)resulted in an interaction region on the downstream por- : 
tion of the wedge. This interaction resulted in an increased heat 
flux in the downstream outboard regions and possiLIi.y a decreased 
flux in the central region 
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0 Measured heat flux in the central region may have been lower 
than the 'actual flux due possibly to a calorimeter problem (e.g., 
calibration error, irregular surface'). This conclusion is sup- 
ported by measurements of char depth in an earlier program which 
indicated no large central heat flux depression. 

The shock interaction has been observed in motion pictures taken in a recent 
test program, but a quantitative explanation of its effect on the heat flux 
is not available. 

C.4.4 Surface Catalycity - 

The surface catalycity calibration test restuls are presented in Table 
C-4 for all stagnation point test conditions' and in Figure 22 for all type l-2 
simulation test conditions on the larger stagnation point model configuration. 

c.5 SAMPLE TEST RESULTS 

All sample test results are summarized in tabular form as follows: 

0 Tables C-5 and C-83 - Test Conditions 

0 Tables C-6 and C-9 - Surface and Backwall Temperature 

0 Tables C-7 and C-10 - Mass Loss and Dimension Change Measure- 
ments 

l Tables 9andlO - Summary of Test Conditions and Test 
Sample Results 

The nominal test matrix was accomplished essentially as originally defined. 
In the stagnation point series an extra 5 cycle set on TD NiCr was performed 
because of a test sample failure during the fifth cycle of the first set. In 
the wedge series, four sample failures occurred (three TD NiCr samples due to 
high temperatures at the sample leading edge and one R512E/Cb-752 sample due to 
a momentary vacuum loss) but could not be repeated because no spare test samples 
were availablea 

'A slightly dished surface was observed on both of the central region calori- 
meters. 

2 
Note however that no valid results were obtained for test condition 8. 

3 

4 
Stagnation point model results and wedge model results, respectively. 
All spare TD NiCr and R512E/Cb-752 samples were used in preliminary ,checkouts 
of the wedge model and nominal test conditions. 
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TABLE C-4 

SURFACE CATALYCITY CALIBRAT 

a) SI Units 

1.12 

2 

3 

4 
8 

9 

10 

11 

..v..-.. 
Notes: 

1 ,-. -i-i--- 

Condition Test Model 
No. No. Heat Flux 

1,12 2068-3 16.1 

2 2067-l 17.4 

3 2068-l 9.7 

4 2068-2 10.0 

8 2069-l 30.0 

9 2068-4 32.0 

10 2067-2 41.4 

11 2068-5 58.2 

2068-3 

2067-l 

2068-l 
2068-2 

2069-l 

2068-4 

2067-2 

2068-5 

1.83 x lo5 

1.97 x 105 

1.10 x lo5 
1.13 x lo5 

3.40 x lo5 

3.63 x lo5 

4.70 x lo5 

6.60 x lo5 

ON RESULTS 

.552 

.569 

.732 

.686 

.471 

.491 

.476 

I _-. 
Identical-model configuration to test sample 

9.83 x 10' 

9.83 x 10' 

1.06 x lo3 

1.06 x lo3 

1.92 x lo2 

9.83 x lo2 

9.42 x lo2 

9.83 x 10' 

.L 
model. 

Results for stagnation point model configuration only. 

1.39 x 10' 
1.50 x 10' 

0.80 x 10' 

0.83 x '10' " 

5.85 x 10' 

2.76 x 10' 

3.65 x 10' 

5.02 x 10' 

TABLE c-4 (CONCLUDED) 

6) Conventional Units 

Heat Flux 
Ratio 

Noncat/Cat Wall 

_ -_-.- 
Stagnation 

Pressure 

(Btu/ft'sec) (ati) 

.552 

.569 

.732 

.686 

.471 

.491 

.476 

-.~- 
Heat Flux 
Enthalpy 

(Btu/lb) 

( .0097) (3320) 

(.0097 (3590) 

(.0105) (1920) 

(.0105) (1980) 

(.0019) (13,990) 

(.0097) (6600) 

(.0093) (8720) 

(.0097) (12,010) 

Notes: Identical model configuration to test sample model. 

Results for stagnation point model configuration only. 
- 
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TABLE C-5 

TEST CONDITIONS FOR STAGNATION POINT MODEL TESTS 

a) SI Units 

TEST ~~LA!LAI~ fF.DEL SMLE SAK'LE 
CENTERLINE AVERAGE TOTAL 

TEST COND. CYCLE CURRENT TOTAL ENTHALPY I CHAMBER GAs 
XSCRIPTIOH MTERIAL 'PRESSURE FLOW 

ENTHALPY 
COIMENTS 

(A) (J/kg) (J:Eg) ! (N/m2) 
RATE 

( Wsec 1 (U/m *I* (N/mr) 
-UP- 
2073 1 l-2 4-3/4SP 45 TLINICR 410 1.41x10’ 1.02x107 1.22x10’ ! 3.77x10’ 1*09x10-~ ,232 1.63~10~ 410 9.4?x10Z 
2076 46 522 1 1.73x10’ 1.2CxlO’ 
2077 489 1.62~10’ 

1.54x10’ j 4.15x104 2.25~10’ 520 

3 530 j 1.73x107 
1.17x107 1.44x107 4.05x104 2.29x105 530 
1.18x10’ 1.42~10’ ! ‘1.06~10~ 2.11x105 487 1.03x103 

4 517 ’ 1.72~10’ 1.18~10' 2.32~10’ 487 
: 5 555 1.83~10’ 

1 1.44~10’ 4.08~10’ 1.01~10~ 
1.26~10’ 1.57x10’ 4.19x104 2,13x105 512 

l,63x105 
1p3x103 
1.06~10’ 

FMIE FAILED AT 20 MN 
2079 1 48 414 
2080 j 2 I 1ax1o5 

; 2.17x105 
484 1.03xlO~ 

' 2.13~10~ 476 477 l*"Y1o 
! 2.17~10~ 482. 1.03~10’ 

2078 ’ 2 : 47 
2051 / 1 49 
2095 3 l-2 M 
2091 51 
2076 l-174SP 41 
2077 ! I 42 
2098 8 1 4-34SP 36 Rww 
2101 37 b-752 

38 

6.93~10' 947 '1.05X103~ 
i 2.00~10~ 414 1,00x103 
: 3.54x105 711 1.06~10~ 
i 3.26~10~ 882 1.82x10’ 

I 
2071 10 
2075 11 
2084 10 3 12 
2085 1 I 13 
2093 1-2 15 
2094 
2104 11 
2103 1 21 
2093 12 l-174SP 3 
2094 I I 4 

d SECOND NUMBER IS.CURRENT IN MPS AT WHlCH TASBULATU) HEAT FLUX WAS flEASURE, 



TABLE c-5 (CONCLUDED) 

b) Conventional Units 

T 
i 
t 

/ 

TEST wLATIa 
cm Nut PRESSURE 

(at=) - 

:Z 

:z 
,403 
,414 

:z 
,403 

:Z 
37 
,352 
,486 
A85 
A42 
A74 
,065 

:E 
,063 

:E 
.062 
,312 
.x24 

:E 
,379 

1-l 
<q 

SP 

b? WI sp 

l-Y4 SP 
I 

4-314 SP 

1-M SP 

I 

i 410 '1 3.38o 
522 '/ Llm 
489 3.860 

z ! i:i 

31770 
3.830 

/, 3.770 
, 3,770 

z 
ii 
491 
410 
427 
282 
283 
316 
386 
892 

,!?I 
989 
,000 
986 
990 
638 
740 

:650) 
776 
411 
500 
81'1 
946 
411 
715 
887 
999 
995 

,010 
,010 
.0&l 
643 
765 
641 
886 
408 
540 
811 
891 
410 
a48 I 

3.860 
3.590 i 
3.7w i 
1.910 
1.910 
2.050 
2,440 

15.4W 
14.500 
16.200 
16.Mx) 
19.400 
17.w 
is.200 
6.800 
7.880 
8.740 

10 $40 
3:290 
3.910 

11.950 
13.680 
3.670 
6.380 

14,300 
17.200 
17L!lG 
17.900 
18.500 
18.400 
6.1'10 
8.220 
8.690 

lLS50 
3.370 
4.2w 

ll.fAO 
12.600 
3,620 
7.420 

R512W 

: 

: 
4 
5 

: 

t 
5 
1 

2 
3 
4 

: 

2 
3 
4 
5 
1 

/ 

I 

48 

47 
49 

?l 
41 
92 
36 

ifi 

10 
11 
12 
i3 
15 

:; 
21 
3 
4 

8M.E FAILEU AT 20 HII 
2079 
mo 

I 
2078 

.2081 --- 
209l 
2031 
2076 
2o77 
2096 
2097 
209; 
2101 

I' 
2072 
2oal 
2082 

.oiu2 

:E 
.0105 

I 
.0103 

I 
.0016 
.0018 

I 
.0017 

'.0014 
.ml5 
.0014 

.0Y2 

.Ow4 
I 

.0099 

.0104 
at096 
.0104 
.0099 
.0!05 
.0018 
a0016 
.0015 

I 
.0014 

I 
.W91 

I 
3394 

I 
*or39 
.OlW 
.OlW 
,OlrN 
.OlW 
.Olce 

2.820 1 
2.570 l 
2.65O 
1.480 
1.450 
1.730 
2.060 
7.400 
6.010 
8.4'10 I 

8.720 8.690 

19.1 482 
17.6 410 
17.4 

iti 
Fit 
281 

9.8 312 
9.7 313 

Cl:: 889 899 
ii*: 891 

2912 1.": 

;:i iii 
32.4 638 
32,2 R5 
40.4 634 
40.7 -- 
17.5 407 
21.6 502 
45.8 81'1 
61.1 947 
17.6 414 
31.2 711 
28.7 12 
34.4 887 
30.7 987 
34.3 1.010 

2: l.lXtl l.Wo 
32.5 643 
31.8 -1 
40.3 639 
41.5 640 
17.5 403 
24.8 560 

Kf 808 892 
ii:: 411 

a25 

3.w 

~:~ 
1.750 
1.760 
1.960 

i:z 
7.710 
7.670 

232 

1 
362 
I 

,232 

I 

,018 

*Of3 
SO027 

,016 

I 
,024 

I 
.0132 

I 
,024 

I 
.OW 

,016 

I 
.024 

/ 
1, 

1, 

I 

1, 
1, 
1, 

- 

CI 1-7 

IH. .lO . , 
.l, !9Y 

8.270 
9.260 
8.650 
S.lM 
5.550 
-- 

5.E50 
2.940 
3,73o 
7.200 
7.660 
2.970 
4.910 
8.470 
8.160 
a.560 
8.720 
8.440 
7.590 
5.070 
5.650 
4.880 
6.640 
3,150 
3,960 
7.010 
8.090 
3.1M 

I 7.740 
ll.lW 
10.7M 
4.wo 
4.6m 
-- 

5.420 
2.520 
2.930 
5.210 
6.480 
2.570 
3.970 
7.270 
9.430 
9.280 
8.870 
a.400 
7.710 
4.09 
4.560 
4.730 
6.310 
2.MO 
3.140 
5.800 
6.570 
2.510 
4.410 

2092 

Ei.E 
MS7 
2098 
2100 
2103, 



TABLE C-6 

TEMPERATURE MEASUREMENTS FOR STAGNATION POINT MODEL TESTS 

a) SI Units 

SWPLE 
IV\TERIAL 

INTERLINE 
('K) - 

1360 
1470 
1470 
1470 
1480 
J510 
1470 
wo 
1354 
US0 
l3M 
l370 
I270 
llm 
llw 
1180 
1270 
lYl0 
1420 
wo 
1370 
1360 
l360 
l370 
l5m 
1670 
m 
1420 
1270 
1440 
1670 
lnlo 
1260 
1420 
1380 
WO 
14w 
1420 
1420 
1400 
1520 
1660 
130 
l390 
1350 
1420 
1670 
1670 
KM 
1380 

BRCK!dALL 
:ENTERLINl 

('Kt - 

__ 
l?z4 
ml 
ml 
1280 
l3a 
MO 
KM 
10% 
la20 

sit 
1460 
lm 
1490 
1470 
1470 

Ei 
m-a 
_- 

1440 
1920 
KW 
Em 
1620 
16M 
I270 
l5w 
1290 
1460 
11120 
1440 
VIE& 
1439 
__ 
-_ 

i% 
Jzw 
Jxl 
1620 
-- 

Km 
1620 

L 
T 

iHTERLlllE 
('Kl 

1280 
1420 
1470 
NW 
1460 
1480 
1450 
1450 
NM 
1450 
1470 

-1470 
1430 
-_ 

l&J 
1480 
1560 
1480 
1610 
ml 
l580 
1610 
1wo 
1584 
1660 
1580 
1640 
1330 
1420 

sit 
1410 
1640 
1420 
1540 
1520 

Et 
1510 
1520 
1620 
1470 
l320 
l3M 
1440 
17w 
1670 
1380 
1680 

SINULATION 
TYPE 

l-2 

3 

1!2 

1 

l-* 

3 
I 

l-2 

1 

l-2 

J 

l-2 

3 E l- -r si 
E 

I 

RGE 
1IssIvIlY 

(-J - 

FmTl4RF. 

N-JE 
('w) 

l270-lJ.lO 
UOD-I320 
l370-lm 
MO-1290 
no- -- 
1350- -- 

EEO 
J340-1290 
l34Ll-ml 

EE 
1210-1250 
Iwo-lay) 
IOW-1070 

__ 

14E&?4 
uw1270 
111X-J3W 
1’17c-l380 
1470-1500 
lm-Be4 
MCI-MCI 
mc-1480 

-- 
lwl-1440 
Ecc-1420 
lm-ml 
Km-ml 
1620-1580 
l&L?-1wo 

__ 

l290-l220 
Ma-l370 
142c-J320 
144c-wo 
MC-J3W 
14x-wo 
1470-NW 

-_ 
wo-l334 
l520-lSa 
1260-1200 
Am-m 
ml-1620 
1590- -- 

-_ 
_- 

iii 
E 

12035 
2086 
2087 
2098 
2100 

2071 
12075 
2oe4 
20% 
2033 
2094 
21w L 2105 
2093 
2094 

YCLE .EMERLINE 
('K) ('K) 

1290 1500-1270 
1370 1590-1270 
1380 1590-1370 
l370 1550-1370 
1360 1490-1360 
1370 1610-1370 
1370 1520-1370 

(12901 1330-1270 
1380 1510-1370 
1370 1470-1330 
1380 1460-1290 
1370 1440-1280 
1370 1520-1370 
-_ __ 
__ 

'mo 
1380 
1460 
1390 
1540 
_- 
1500 
1470 
1580 
1510 
1590 
1510 
1580 
1290 
l3W 
1610 
1620 
l350 
1570 
__ 

1490 
1420 
1430 
1420 
1390 
1430 
1590 
1410 
1550 
l270 

(1290) 
1590 
1830 
1300 

(1320) 

__ 
-_ 
-- 

1560-1320 
1390-1260 
1540-1270 
1470-1330 
1500-1330 
1540-1340 
1580-MO 
1590-1450 
1690-i520 
1570-1440 
1600-1510 
1330-1280 
1390-1350 
1650-1530 
1680-1520 

__ 
__ 

1360-1260 
1490-l2w 
1430-l3w 
lwlO-1270 
1440-1290 
1420-1290 
1500-1370 
1666-1460 
1480-1370 
1580-1460 
1370-1260 
1320-1260 
166C-1520 
1670-1490 

__ 
__ 

J!4zL- 
P.&YGE 

('KJ - 

IZW-11% 
J22LtJO90 

Cl 

r 

0 

f 

MODEL 
ESCRlPTlOll 

lEST 
:oNo. 

9 
I 

13 
I 
1 
I 

11 
I 

12 

Q 

9 
I 

10 
I 
1 

l! 
I 

1: 
I - 

EillSSlVlTV 
t-1 

.75 

__ 
__ 
-75 

J 

:EIITERLIHE 
('K) - 
1280 
14M 
1360 
13w 
1380 
1410 
1390 
1380 
1370 
1370 
1390 
1360 
l3W 
1170 
1130 
1290 
1380 

,145O 
1390 
15MI 

(1440) 
1420 

(Mm 
c14cm 
1490 
lYi0 
1490 
1520 
1280 
1360 
1530 
1560 
1320 
1490 
1320 
1450 
1370 
13Bo 
1BO 
1358 
14% 
1490 
1400 
1520 
l3w 
1370 
1670 
1530 
l300 
15M 

tuswn 
t-1 

.75 

__ 
-- 

u-3, 14 ! 

l-l I4 s 

4-3 14 s 

1-l I4 s 
I 

4-3 I4 s 

R5 
CB 

l2E 
-75 

47 

:i 
51 
41 
42 
36 
37 
P 

26 __ 

1 
I 
2 
3 
4 
5 

: 
3 
4 
5 
1 

2 
3 
4 
5 
1 

1 
2 
3 
4 
5 
1 

- 

S NPLE MILE0 AT 20 1111 

29 
30 
31 

: 33 
35 

,P 1 5 

,P 

- 

19 CJ29Y 

11 10 
11 
12 
J3 
15 

i 

17 
20 
21 
3 
4 

I4 s 
I 

( 1-l 



TABLE C-6 (COf~CLllDEO) 
b) Conventional Units 

l- 
IKULATIO: XODEL 

TYPE :SCRIPTIO! MPLE 
jI1YPLE 
UERIAI YCLE NTERLlh 

(OF) 

1SW 
2010 
2030 
2010 
19s 
zoir) 
2010 

wsm 
2020 
2x0 
2524 
2010 
2010 

.- 
-- 

‘EJO 
2;g 
2!% 
x-0 
2310 
-- 

2: 
23?l 
2269 
2133 
22P3 
2350 
l.?EQ 
1W 
2490 
2450 
1970 
2370 

-- 
2220 
21OQ 

;I:: 
295’) 

E 
2d:o 
2330 
It’20 

(IfCO~ 
310 
23% 
X.53 

(l?l@: 

TI 
ciziiik 

('F) 

-- 
1695 
2m 
2!5p 

E 
2410 
2343 
2940 
25sl 
2RO 
2535 
23% 
*, . 

19iO 
2113 
ZEN 
193Q 
28EO 
2m 
2183 
2320 
2270 
223 
2310 
2260 
22zSO 
24tQ 
21SQ 

:Pi 
21:o 
X!C 
2’0 
203 
:510 

THEI 
:tiTERLIN 

(OF) 

% 
2x0 
2lw 

z 
212a 
19Eo 
1910 
1970 
1970 
26x 

:zi 
!6SO 
IEW 
1710 
2’10 
2lCJ 
23°C 
2X0 
1513 
1929 
2010 
23hO 

;:IJ” 
2100 
iaro 
2140 

;ic 
1810 

g:; 
: lQ>O 

2070 
2c’lO 
2lGU 
2070 
2270 
25% 
I?CC 
2050 
!Q7O 
2160 
;;; 

1% 
2033 

RGE 
IISSIVITI 
(-) 

,75 --- 
1920 
l@tD 
1660 

-- 
-- 

1943 
lW0 
1860 
1853 
MO 
I720 
l790 
!4M 
u-3 
l&l 
1125 
2170 
1%‘) 

E 
2199 
22?3 
2350 
2240 
-_ 

2140 
2103 
l710 
1890 
245’3 
2520 
1630 

E 
2170 
2648 
2140 

z 
_- 

196-i 
2270 

ia;: 
24GO 
-- 

1570 
XXI 

1 
IISSIVIT 

t-1 

-75 

I 

^- 
-- 
.75 

G’EFANRI 
.P.uGE 
('F) 

-.- 
2l70-l%O 
MO-1S2J 
2220-2050 
21552230 
219?-x20 
225%2030 
23%21)70 
2250-2210 

^- 
2140-2130 
2230-2100 
1780-1710 
1970-1890 
24552390 
25%25QO 

_- 
-- 

18604730 
2170-ZC(10 
2cw1920 
214b-19LO 
2x0-1920 

;;“a.;;;; 
-- 

19EO-1930 
2270.2251 
lPOJ-1710 
zoio-I%0 
zw-NC 
24p;e -- 

-- 

’ Cl 

1 

IISSIVIT’r (OF) 
.6? 

:34tssxvtn 
(W 

.75 

me 
-- 
.75 

I 

ENTEALIN 

l&Q 
2070 

% 
2;o 
2x0 

% 
2uo 
2010 
ZMO 
KO 
1920 
1640 
ES0 
MO 
2030 
21% 
2040 
2240 

(213G) 
(2X0) 
(2070) 
(?Y70) 
2220 
2310 
2220 
22Eri 
IWO 
lE80 
2330 
2340 
1920 

:% 
2159 
2010 
2030 

% 
21’0 
2220 
2070 

:g: 

‘2;: 
Z!‘> 
y&a 
2x1 

cG?mTs 

I 45 
I 47 

L9 
51 
51 
41 
$2 
!5 
37 
3s 

I 
26 
27 
2: 
3 
59 
31 

z 
s 
6 

ii 

I 

:; 

ii. 
15 
17 
20 
21 
5 
i 

1 

: 
3 
4 

: 
2 
3 

: 
1 
I 

I 

I 
I 

-- 

_- 
23%1910 
2x-1810 
23!C-ISA 
:212c-1?10~ 
2?5:-144 
OlC-lO.J3 2yJ-~?3l 
zuo-x3 
25x-22:,0 
2X-2%0 
2430-2260 
19%l%O , 
2Wki970 
2510-23% 
2570-2259 

-- 
-- 

ICI!&MO 
2220-NO 
2120~lb30 
2130-!E3 
213&1:X 
21G”-l%Q 
2255-2019 
25%21% 
22152~l1~ 
23:+:l70 
2010-1810 
1.4?0-lCl0 
WI-220 
2:5:‘.“?iJ 

-- 
-_ 

l-2 

I 
3 

112 

! 
I 
1 

I 

I 
l-2 

: 

112 

1 

! 

I 
l-2 

: 

112 

4 

I 

WLE FAILED AT 20 WI1 

1-l 

u-3 

P 

P 

m s 

11 s 

I 

1-:/q SP 
I 



TESl 
El I 

207. 
f: 
P 

207! 
2081 

I 
;g! 
209l 
209' 
207t 

;k% 
2091 

K 

I 
2072 
2074 
2082 
2083 

E 
2092 

E 
2087 
2098 

% 

I 
2071 
2075 
2084 
2085 

SE 

t;: 
2093 
s 

1 

't 
12 

1, 

I 

f 

P 
1 

I 

i 

SInuUIa 

3 

i 

'-2 

I 

-2 

TABLE C-7 

MASS LOSS AND SURFACE RECESSION MEASUREMENTS FOR STAGNATION POINT MODEL TESTS 

,’ 
/ 

/ 
a) SI Units 

MODEL 
DESCRIPTIO 

c 

l-114 SP 

4-3;4 SP 

l-1/4 SP 
I 

4-314 SP 

T-1/4 SP 
I 

SAMPLE 

- . . 
:I 

'SAMPLE 
MATERIAL 

ICr 

CYCLE 

3” 
5” 
1 

MSS 
CHANGE 

(kg x 10' - 

:E 

5049 
.032 
.038 
a008 
.Oll 

P 
.211 
.209 
.232 

.079 

.322 
-.932 

.282 

.251 
,279 

:% 
-.139 

:i% 
.036 
,074 

-.013 
.126 

:Z 
.078 

:6! 

:E 

:f 

“%?“’ 
CHAHGE 

[kg x 10'; 
- 

:E 

-4123 
.031 

-:E 

:Z 
.Oll 

P 
.211 
.2w 
232 

.311 

.322 
-.922 

:Z 
.279 

2: 
-.139 

.OlO 
,013 

:;;J: 

.061 

.126 

.135 
,067 

:E 
.134 

:E 

:E 

AVERAGE 

TiPG 
(kglm'scc] 

-6.22x10" 
2.22x10" 

-2.78~10" 
2.22x10-1 
2.50x10" 
5.56X10" 
B.33;10" 

1.44!10" 
1.44x10-s 
1.58~10" 

4.17x10" 
2.19XlO'~ 

-6.82x10-' 
1.94x10+ 
1.72~10" 
1.91x10" 

m.M~;~H 

(meters) - 
2.54x10-' 

-5.08~16 

1.02x10-' 
-4.06x10-' 

-1 52x10-' -2.12x10-' 
-4:06x10:' -2.26x10:' 

SAWLE FAILED AT 20 HIH 



TABLE c-7 (C~~KLUDEO) 

b) Conventional Units 

, 

TiSl 

2073 

I 
2079 

2080 

I 

2078 
2081 
2090 
2091 
2076 
2077 
2096 
2097 
1099 
2101 

I 
2072 
207‘1 

2083 
2086 

2086 
2087 
2098 
2100 
2103 

2071 
2075 
2084 
2085 
2093 
2094 
ml 
2105 
2093 
2094 - 

mJLATIot UOOEL 
TYPE IESCRIPTIO: 

l-2 

3 

!12 

I 
1 

li2 

: 
l-2 

1 

1;" 

f 
l-2 

4-1 SP 

"l//l SP 

4-34 SP 

1-l 

4-3 

SP 

SP 

l-Y sp 

WLE 

- 
WLE 

WTERIAI 

RSl2Ef 
b-752 

'H-1091 
:129y 

1 I 

CYCLI 

= 

f 

s 

: 

t 

t 

I 

: 

'"5 
1 

: 
4 

: 

.C%E 
[9ra4 

wwtiYf 
CHANGE- 

kmns) (Inch) 

CWJLATIVE 
DIMENSION 

CHANGE. 
(inch) (Whr) 

,046 d'I6 .ooll ,OOOl .ooOl *O&l02 
446 .W6 eo0l.l -,0002 -a0002 -.@OW 

-4.28 423 -.0224 -.a004 -JXIO6 -.aw3 
,031 ,031 .0008 -80016 -.0016 ~0032 

-#I9 -,018 4L-m 
,032 ,032 .OOil8 
,038 .038 .0009 
,008 ,008 .0002 
,011 ml .a033 

P P 1 
,211 n2l.l .0052 
,209 ,209 a0052 
,232 ,232 .oon 

2% 
-.ool2 
,000s 

-do06 
-.ow7 
-.0002 
-.OOOl 
-.ooo3 
-.0007 

-00019 
.OOOl 

-.ool2 
.ow5 

-,a906 
-no707 
-.cao2 
-.a001 

::%Z 

-,OOW 
.ow2 

-.OWl 
.OOlO 

-x012 
-.OON 
-.OOW 
-,OOM 
-.OW6 
-.0014 

,079 ,311 ,001s 
,322 ,322 -0079 

-,992 -8992 -.a245 
,282 ,282 ,007o 
,251 ,251 . .0062 
,279 ,279 ,0069 
,305 ,305 ,007s 
.2w ,204 .0050 

-ml39 -.I39 sm34 
,010 ,010 -0093 
,013 ,013 .0121 
,086 ,086 .0021 
,074 ,074 .0018 

BOO04 -.0003 
-.0016 -,0016 

-.0!02 -*ok2 
.aow .oow 

-.0009 -,0009 
-.a003 -.a003 
.oooa .owa 

-a0006 -,0006 
-.OOlO -.OOlO 
-.0005 -.I!005 
.0006 .0006 

-,ow2 -.0002 

-.OWl 
-.0032 
* a 
-,ow4 
.OWB 

-.oolB 
-.0006 
a0016 

-,0012 
-.OMO 
-,OOlO 
,a012 

-,OOW 

-,a3 ,061 .0003 moo03 .ooal 
,126 ,126 ,003l -,0015 -.0015 
,135 ,135 0033 -.OOOE -a0008 
,067 ,067 ,0016 no008 .0008 
,078 ,078 .0019 -,OOOl -#0301 
,080 ,080 SW20 -no009 -,0009 
,134 XJI .0033 ,a003 ~0003 
,088 ,088 ,0022 -.OOOl -.OOOl 
.o45 ,045 .OOll -.too1 -.OOOl 
,009 ,009 #ONI -.0004 -.caw 
,004 .OW .0037 -,OOll -,OOll 

-.0!30 
-.0016 
,0016 

-80002 
-JO18 
.0006 

-a0002 
-.ow2 
-.owa 
-,w22 

swE mm AT 20 NIH 



TABLE C-8 
TEST CONDITIONS FOR WEDGE MODEL TESTS 

a) SI units 

- 

2151 

‘Ip 

'y-5 

2155 

I 

2155 

'll" 
2155 

I - 

- 
TEST 
WND. 

- 

5 

a 

: 
l3 

l3 

- 

SIBIL. 
MPE 

1 

li2 

YODEL 
DBCR, CYCLE 

1 
I 
2 

t 

: 

t 
5 
1 

: 
4 

2 

: 

1 
3 
4 
5 

CEIIIERLINE 
cuPJ.uK TOTAL ENTMLPY 

(Al (J/b) 

17 3 1.93x19’ 
I 

‘p” 
2.0fxlO’ 

202 2.35x10' 

iii 2.oyO' 

202 204 2.OqxlO' 

365 1.55x10' 
I 

367 1.53x10' 

Y2 
3.37x10' 

(SOO-650) 3.30x10' 

-- -- 

(600-650) 3.30x10 

i 

__ 

WER 
WURE 
N/m') 

.- 

GAS FLOH 
RATE 

(Wscc) 

5.44x10" 

2.18x104 

I 
9.07x10-' 

9*07x10-’ 

L 

OXY6EN 
mm 

FMclloN 

,232 

#Of2 
,232 

.232 

-- 

2.00x105/2.0x105 
2.%10’/2.1x105 
2.0x10512.1x105 

I 
2.13x105/2.1x105 
2.14x105/2.1x105 
2.00x10~/2.0x105 
2,0x10512.1xlo5 

:ONMClIE 
p 

PAHGE 
Wm') 

2.7x10s/1.0x10s 

1.3x105/6.6x10' 
1 ,4x105/6.9x10’ 
1.3x10s/6.5x10’ 

I 
1.3x105f6.6x10’ 
1.4x105/6.9x10’ 
1,3x105/6.5x10’ 

I 
1.7x105/1.la10~ 

I 
l.7~lo5~7.a~lo4 

5.6x105/2.2x10’ 
5.7x105/2.3x10’ 
4.2x10~11.8x10~ 
4.1x10~11.sx105 

-- 

3,7x105/1.7x105 
3.a~lo5~l.7~lo5 
4.3x105/ka.do5 

I 
4.2x10~11.8x10~ 
4.1x105/1.ax105 
3.7x105/1.7x105 
3.8x10’/1.7x105 

CURRENl 
(A) 

't 
196 
222 
201 
205 
196 
222 
201 
205 
391 
I 

413 

IS0 
793 
-- 

s 

_- 

2.3$10' 

2.13~10' 
2.03~10~ 
1.92x10’ 

2.13xlO~ 
2.03~10~ 
1.92x10’ 

I 
>.17nlOf 

I 
:.70x10 

I 
4.05x10' 
4.15x10’ 
3.75x102 
3.4UXlO’ 

-- 

3.75x102 
3.34x10’ 
3.44x10z 

I 
3.75x10' 
3.44rld 
3.75xlO~ 
3.34xld 

WLE FAILED AT 12 HIN 35 SI 

NiPLF. FAILED AT 4 HIN 34 SEI 
W'LE FAILED PRIOR TO 4 MN 
34 SEC 

WI FAILED AT 30 SEC DUE 1 
rmmY VACUUI LDSS 



TABLE c-8 (CONCLUDED) 

b) Conventional Units 

- 
EST 
m 

= 

5 

IWWUTlMl 
lvPE 

- 

YCLE 

- 

= 
I 

2l51 

I 
2l52 

I 

z.53 
I 

2155 
I 

I 

u55 

T 
2w 

i. 
w5 

I 

I 
- 

-- 

DI 
NRE 

= 

a 
75 
A 

75 

76 
7a 
81 
82 
67 
66 

I 

f 
61 
58 

- 

EG%l 

12.5-6-l 222 m2c I 
11.6-5.7 201 s-a19 ; 

i im~l; 

51 

3250 
3210 
3253 
3220 
32% 
3210 
3253 
3220 
2564 

I 
2EJm 

I 
7MO 

-- 

I 

-- 

C 

1 
3 
4 
5 
2 
3 
4 

i 

I 
2 
3 
4 

2 
3 
1 

I 
2 
3 

4 
5 - 

/ 

! 
I 
I 

mw 
t!-752 

PSKW 
h-752 

‘H-109/ 
.s29v 

1 

l-2 
I 

: 

1 

1 -- 

I 
6.71 7.5 
7.51 7.7 
7.w 7.1 
7.91 7;o 
6.7/ 7.5 
7.51 7.7 

: 7.2l 7.1 
7.w 7.0 
9.319.9 

I ’ 
6.91 7.7 

I 
20.2f21.6 
m.4n2.a 
la.wi8.9 
18.9l18.6 

-- 

l7.6t17.9 
18.2/18,5 
16.U16.6 

ia.w;a.9 
X9/18.6 
l7.6ll7.9 
u.ula.5 

,012 

,048 

I 
.om 

.CQO 

&I 
,Ll 
4aW 

49ca 

I 

em 

79w 

-- 

79po 

2W 

I 
m2 
zw 
200 
I 

202 
2W 
365 

I 
367 

I 
R2 

I 
W-6%) 

I 
-- 

356 .ml 
mm 
SW 

ll.6-5.8 
12.5-6.1 
11.6-5.7 

l5.2j9.3 

I 
14.6-6.9 

I 
49.1-10.6 
50X-20.3 
37.2-15.9 
35-a-15.6 

-- 

32.3-15.1 
33.3-15.3 
37.7-16.1 

I 
37.2-15.9 
35.8-15.6 
32.3-15.1 
33.3-5.3 

222 
ml 
265 
391 

I 
43 

I 
760 
793 
-- 

I 

-- 

.a51 SWLE FAILED AT I2 MU 35 SEC 

I 
.W76 SAKE FAILED AT 4 HIH 94 SkC 

I ' SbWbFAILED PRIOR TO 9 HIS 34 SEl 
.awo 
.OWl 
.aln 
.cosl 
-- ! SM'LE FAILED AT 32 SEC DUE TO 

rmNTARI VAcuvl ms 
.wn 
.W33 I 

7 .062 
I 

.232 

232 

l3 

l3 
7 

- 



TABLE C-9 

TEMPERATURE MEASUREMENTS FOR WEDGE MODEL TESTS 

a) SI Units 

- 
EST 

- 

157 

I 
158 

1151 

I 
!W 

I 
!153 

I 
!155 

I 

us5 

I 
ZlSl 

I 
2155 

- 

- 
EST 
OND 

- 

5 

i 

i 
13 

.I3 

-_ 

s ,IHLlLATIO 
TYPE 

1 

MDEL 
ESCRIPTIChI 

.- 

WI 3GE 

KGE 

NlPLE 

-- 

74 

75 

74 

75 

76 

78 

81 

82 

67 

66 

67 

I 
61 

58 

_. 

n 
SARLE 
ATERIAL 

-- 

m CR 

R512EI 1520 
b-752 

R5l2El 
T 
WI-109f 
Cl29Y 

_ .- 

- 
YCLE 

I~ 

i 
2 

3 

4 

5 

2 

3 

4 

5 

1 

2 

3 

4 

2 

3 

i 
2 

3 

4 

5 ..- 

- 

Cl 
-- 
INTERLINE 
('R) --. 

1330 

1290 

1320 

1280 
-- 

1310 

-- 

1590 
1530 

TO-9C 

R4HGEm 
'('K) (-) - 

1360-1170 -75 

1350-1260 .7s 

14w-1010 
1300-1270 
13wl290 

1550-1280 .7f 

13&l-12M) -75 

15%1370 -75 

1530-1370 -75 

1530-1420 

-- -- I 

1520 1569-1371 .75 

1520 1530-1300 1420 1460-1280 I 

. 

-l- 
NTERLlfl 

(K-1 

1340 

1360 

1350 

1330 
-- 

1270 

-- 

15% 

1420 
14W 
1390 
l390 
1370 

i3 

9 

4 

E 

4 4 4 4 

‘10-1180 -75 

30-1270 .75 

40-1330 

50-1310 

zo-1280 

60-1180 -75 

M-l?m .75 

90-slw -75 

70-1270 

40-l280 

w-1280 

60-1280 

40-1280 

l- WHERE 

:IITERLINE 
('Kb -- 

l310 

12M 
1260 
1250 

1210 

1240 

1240 

1540 

1SM 
1500 
-- 

1560 
15% 
1480 

AGE 

VKSIVIN 
(-) -- 

-75 

-75 

.75 

-75 

-75 

-75 

I 

-75 

I 

kfzua!L 
NTERLINE 

('K) _I- 
-- 

990 

-- 

900 
-- 

1Xl 

1300 
1390 
-- 

-- 

I 
1220 
-- 

TEW 
RANGE 
('K) 

-- 

1030-890 

1010-840 
1020~880 
lO%W 
1010-820 
1080-990 
1090-1000 
11Ou-900 
970-930 

-- 

1370-1200 
-- 

I 

-- 

I 
l2w1170 
1240-1170 
u50-1160 
ma-1150 
12%ll60 

COtMIlTS 

SfflPLE FAILED AT 12 NIN 35 SEC 

SMPLE FAILED AT 4 MN 34 SEC 

SAWLE FAILED PRIOR TO 9 billI 35 SEC 

WLE FAILED AT 30 SEC WE TO 
HmENlAnY VACUIM Lass 



TABLE c-9 (CONCLUDED) 
b) Conventional Units 

----I 
EMWALL TEWERATURE 

COMNTS 

-.- 

1790 I I 
l720 j I 

I i 
I 

1 hEC6E 1680 ! 74 jm 

75 I 
74 / 

19M 
-75 

1960 

I 
[ 1970 

1930 

?lSO-16W 
i860 1970-1810 
192C 2060-1860 
1640 1890-1820 
-__ 18QO-13EO 

I 

ZllC-!820 -75 75 1 

I 

I 
76 
73 
Ei 
82 
E7 
E6 

1 

I 

I 

I 
R5XI 
k-752 

I 
I 

ImGi 

/ 

19%la80 

zuc-20% 

2140-1940 ’ 
1970-1900 : 
1910-1840 : 

198C-1660 : -75 
/ 

.75 

-75 

I 

.75 2190-1331 
2i40-WC 
2170-1840 
2160-1343 
ZlSC-18FO -- 

E7 

$1 
58 

, 

5 
1770 .75 

136G-1020 
~ l&90-1330 
I 1510-1340 1830 

--- 

2290 

2iO3 
ZOEO 
2040 
2l-m 
ZOCC 

*is 

-75 

-75 

.7!i 

.75 

I 

-- 

S.WLE FAILD AT 12 MN 35 SEC 

SMPLF. FAILED AT 4 Hltl 34 SEC 

SAWLE FAILED PRICR TO 4 Rltl 35 SE 

1 1909 ’ 2330-1840 

--- :660-l&5 

2151 6 

i 1, 
2152 

I 
2ii3 

I 
2155 

I 

Y 

2154 

I 
2155 

- 

7 
I 

13 

13 

4 
I 

I - 

1-2 

t 

i 
1 

1 

.I 

2 
3 

i 
2 
3 
4 
5 

I I 

R5l2El 
Ca-752 

#H-109/ 
WQY 

I 

1170 
-_- 

1890 

1880 
1880 
_-- 

--- 

I 
173 
--_ 

1530-1YO 
12QO-1220 

--- 

2010-1710 
-_- 

I 

- --- 

I 

179Oh640 
1770-l&0 
1790-1620 
1790-1610 

1790-1610 

1770 ,73 

2320 -75 

2330 -75 
2520 , 

2270 2330-iOC0 

2250 
2x 
-_- 

22?0-2030 
23OC-20?0 

-__ 

22EG 2345-:EO 
2270 2290-1890 
2G90 217C-1840 

SAMPLE FAILED AT 30 SEC DUE TO 
IIOXNTARY VACUM LOSS 

--- 

235C 
23313 
2210 

-7s 

I I 



- 

EST 

!I51 

I 
!151 

I 
!153 

I 
1155 

I 

2155 

I-- 
2154 

I 
2155 

- 

EST 
ONI!. 

= 

5 

! 

I 
l3 

l3 

- 

IrWLATlON 
TYPE 

1 WEDGE 

1-2 

I 

I 

1 HEDGE 

I 
KIDEL 

1ESCRIPTION 

TABLE C-10 

MASS LOSS AND SURFACE RECESSION MEASUREMENTS FOR WEDGE MODEL TESTS 

a) SI Units 

74 
75 
74 

75 

76 
78 
81 
82 

67 
66 

67 

I 
61. 
58 

- 

I 
SAJ!PLE 

YATERIAL 

In NICR 

R5l2El 
La-752 

R512E/ 
b-752 

w-109/ 
C129Y 

C :YCLE 

i 
2 
3 
4 
5 

2 
3 
4 

5 

1 

2 
3 
4 

2 
3 
1 

I 
2 
3 
4 

5 - 

:UWLATIVE 
ExrnsuRE 

TIHE 
(mid - 

P 
60 
90 

120 
1% 
64 
90 

I20 
150 
12.5 

I 
4,s 
I 

3i-l 

I 
60 

90 
90.5 

120 
150 
30 

I 
60 
90 

120 
1% 

tnss 

0x10’ - 
.0114 
-0178 

CUNUlATIVE 
tL4SS 

CHANGE' 
(IrgxlO') 
- 

,0114 
SO178 

'AVERAGE 
ASS CHANGE DI&TfiF ?k%I~~ 

AAIE CHANGE 
?g/m'sec) (meters) (meters] 

6.33x10-' 1.02x10-’ 1.02x10- 
9&x10-’ -i.27xlO-’ -1.27x10‘ 

-.0326 - -0212 -2.36x10-’ 2.29x10-’ 3.30x10 

-L&76 -.0298 -3,31x10-’ 1,02x10-’ -2.54x10 

.2440 .2440 

a2300 .23W 
1.36~10” 2,54x10 

1.33x10-' -3.MxlO 

IO136 02576 3.58x10-’ -2,54x10-‘ .o.o 

00876 a0876 4.87x10-’ -3,81x10-’ -3.81~10 

IO122 SO998 1.11x10-‘ 1,78x10-’ -2.03~10 

AVERAGE 
SURFACE 

ICESS, RATE 
(m/hr) 

2,03x10-’ 
-2.54x10- ’ 

CONtiENTS 

1.02x10-’ 

5,08x10” 

-SAhPLE FAILED AT 12 MIN 35 SEC 

SAMPLE FAILED AT 4 NIA 35 SEC 
SAMPLE FAILED PRlOR TO 4 MIN 34 SEC 

5.08x10-* 
-6*60x10-’ 

.SAMPLE FAILED AT 30 SEC DUE TO 
MOMENTARY VACUUM LOSS 

-1.27x10-' 

-7.62x10-’ 

7,62x10-' 



TABLE c-10 (C~NCLUOEO) 
b) Conventional Units 

TEST. TEST SIMkATIoll 
TTPE DESEk ; sAHPLE 

I CUMULATIVE 

cowa Myg;;L CYCLE EXPOSURE 
TIHE C%:E 

CUMATIVE 

C%:E 
M:EE:GE /"I,!$$;~ t%II'"' :;;$ COMENTS 

RECESS. F!ATE- 

(mid (gram) (gram) (gnnlcm'hr) ' (inch) 1 (inch) h/hr) 

2157. 5 1 HEDGE 

,I, 

74 TO NiCr 1 

75 I 

p ; 1;;;; :;;;: :;g _::;;; ~ -1:: .DDDa 

-.DOlO 

74 2 60 

3 90 i 

4 120 

5 150 -.D326 -.0212 -.ODG5 .DOO9 .0013 .DDD4 

75 2 60 

3 90 

4 120 

5 150 -.0476 -.ozsa -.0119 .DDo4 -.DODl .WD2 

2151 6 76 1 12.5 

2,',1 

SAIIPLE FAILED AT 12 HIN 35 SEC 

I 

li 

21153 !3 t 

01 70 4.5 I SAMPLE FAILED AT 4 HIN 35 SEC 
a? 

I SAHPLE FAILED PRIOR TO 4 MN 34 SEC 
67 R512E/ 30 .2440 .2440 .4660 .DODl .OOOl .wo2 
66 Ca-752 

I 1 

I 
.23DD .23DD .4DW -.0013 -.w13 -.~%I26 

2165 2 60 

I 

3 90 

4 SAMPLE FAILED AT.30 SEC DUE TO 
HDMENTARY VACUUM LOSS 

2155 .13 l UEDGE 15; ;;JW;; : y; .0136 .2576 .lLea -.WOl 0.0 -.DDW5 

2I w-109/ 1 

58 C129Y 

2155 1 I 

.DG76 .D876 .1752 -.OD15 -.w15 -.W3D 

3 90 

4 120 

5 150 .0122 .D998 .0399 .wo7 -.ww .wo3 



All test condition variables in Tables C-5 and C-8 have been described 

previously. Note however under the heading catalytic wall convective heat flux 
that the right hand column is the current at which this flux was measured; this 
current was not necessarily the current at which the sample test was run. Al& 

the tabulated pressures are those to which the models were exposed - stagnation 
for the stagnation point model and local at the sample center for the wedge 
model. 

The surface temperature measurements of Tables C-6 and C-9 were made 
with the following pyrometer assignments: 

Stagnation Point Model 

l Primary pyrometer on oscillating mechanism 

- TD-9C for all moderate and high temperatures (> 1800'F) 

- TD-7 for low temperatures (< 1800°F) 

0 Secondary pyrometer (centerline only) 

- TD-9F 

- Thermogage 

- TD-7 for all tests for which TD-9 was the primary pyrometer 

Wedge Models 

l Primary pyrometers on oscillating mechanisms (one setup for each of 
the two test samples) 

- TD-9C and TD-9F on identical oscillating mechanisms 

0 Secondary pyrometer 

- Thermogage 

In the case of the primary pyrometers, the centerline temperature and the tem- 
perature range defined by the other four positions and centerline (except for 
the 0.0318-meter (1.25-inch) diameter models) are presented. In all cases, 
the emissivity values employed for the particular pyrometer/material combinations 
are indicated in the tables (and are discussed below). The backwall tempera- 

ture at the sample centerline and the backwall temperature range as measured 
by spring-loaded thermocouples are also included in the tables (and also dis- 
cussed below). Note that a problem with the data acquisition system.resulted 
in a loss of centerline surface temperature measurements for two of the 
stagnation point and two of the wedge model tests, and that failure of spring- 
loaded thermocouples resulted in the loss of backwall temperature measurements 
for some tests. 
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In Tables C-7 and C-10, a positive mass change corresponds to an increase 
in sample mass and a positive dimension change corresponds to surface recession. 
For the three sets of variables which describe the mass or dimension change, 
the first is referenced to the immediately previous measurement, the cumu- 
lative is referenced to the pretest measurement, and the last is also refer- 
enced to the pretest measurement and is based on the total exposure time and 
sample surface area. Note for the wedge that all results are also essentially 
an average for the large temperature range experienced by the test samples. In 
the cases of sample failures, no results are presented since they resulted in 
the loss of a significant part of the test samples. The dimension changes in 
almost all cases were so small that significant scatter in the results can be 
expected. 

Tables 9 and 10 present a summary of all test conditions and test sample 
response including results from the above table sets and results derived there- 
from. 

Essentially all test results are discussed in detail in Section 5.3.2. 
Additional discussion of surface and backwall temperature results and of 
emissivity is also presented below, however. 

The surface temperature results presented in Table C-6 for the stagnation 
point model tests indicate a significant scatter in the measurements for differ- 
ent pyrometers. Referenced to the primary TD-9C pyrometer: 

0 TD-7 pyrometer agrees for TD NiCr and is generally lower for coated 
Cb 

l TD-9F and Thermogage pyrometers are higher by as much as about 200'F 

The former result is consistent and was expected as discussed below. The 
latter result was not expected and no explanation is apparent. Also, no such 
inconsistencies were apparent for the wedge tests as indicated from Table C-9. 
The primary TD-9C pyrometer results were therefore used as the primary surface 
temperature measurements for all tests. 

The emissivities used in the pyrometer measurements for each material/ 
pyrometer combination are presented in Tables C-6 and C-9. For TD NiCr these 
values are based on the results of Reference C-2 and preliminary results from NASA 
Langley Research Center. The approximate variation of emissivity with wavelength 
for the oxide film on TD NiCr is presented in Figure C-11 which yields the follow- 
ing approximate emissivity values: 

l Total Hemispherical emissivity = 0.75 

0 Emissivity at 0.8 microns (TD-9) = 0.75 * 

0 Emissivity in the range of 1.7 to 2.6 microns (TD-7) = 0.61 
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Measurements at 1310°K (1900°F) 

3 

v- 
E 

w 

1.0 

.5 

TD-7 Sensing Band 

* 
J-4 ) 

I , 
0 1 2 3 4 

Wavelength, microns or meters x lo6 

E = 0.75 Total 

E = 0.61 TD-7 

Figure C-11. Preliminary Emissivity Results for TD NiCr Test Samples 



No results were available for the columbium coating systems and therefore a 
value of 0.75 was assumed to be reasonable and was used independent of wavelength. 
In Reference C-3, a value of 0.85 was used for the pyrometer measurements but 
the results indicated a lower value at least in the wavelength range of the TD-7 
pyrometer. Because of the relative insensitivity of the TD-9 pyrometers to 
emissivity, the differences in the reported temperatures are small if the 
emissivity were 0.85 instead of 0.75 as assumed. As shown in Figure C-12, this 
correction would decrease the reported temperatures by less than 20°K (350~). A 
comparison of the results from the TD-9C and the TD-7 for the coated columbiums 
indicates that the emissivity, at least in the wavelength range of the TD-7 
(1.7 to 2.6 microns), is slightly lower than 0.75. 

The spring-loaded backwall thermocouples in almost all cases indicated 
temperatures significantly lower than those measured by the pyrometers. This 
comparison is consistent with the results of References C-2 and C-3 which in- 
dicate errors in such thermocouple measurements ranging from 28OX to llO°K 
(50°F to 200'F). Smaller errors were found with the coating systems (28OK to 
56’K (50°F to lOOoF) for R512E) and larger errors with TD NiCr (about 110°K 
(200OF)). These results are generally consistent with those of this program 
(Tables C-6 and C-9). 
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APPENDIX D 

OPTIMIZATION OF TEST PARAMETERS FOR SPACE SHUTTLE 
SIMULATION TESTING IN THE NASA LANGLEY HYMETS TEST FACILITY 

The NASA Langley HYMETS test facility is a nominal 100-kw arc plasma 
system for simulation of hypersonic flight and reentry heating conditions. The 
facility has been used extensively to evaluate the response characteristics of 
candidate metallics for the shuttle vehicle. Present operating capabilities 
limit the test model size to about 9.53 x 10B3 -meter (0.375-inch) diameter, and 
in some cases the measured test conditions appear inconsistent. The present 
facility capabilities and limitations, and the capabilities that could be 
achieved with minor facility modifications were therefore investigated as 
related to the shuttle application. The results of this investigation are 
presented in the following sections. 

D.l DESCRIPTION OF FACILITY 

The NASA Langley HYMETS test facility provides reentry convective heat- 
ing conditions for evaluation of materials in hyperthermal environments. The 
nominal lOO-kw facility consists of: 

Modular constrictor arc heater, 100 kw 

Silicon rectifier moving coil DC power supply, 100 kw 

Vacuum test chamber and pumping system 

Test gas supply systems 

Water cooling system 

Model sting and insertion equipment 

Two conical supersonic nozzles, 0.0318 and 0.0635-meter (1.25 and 
2.50-inch) exit diameters 

Control console 

as presented in Table D-l. This facility was designed, fabricated and installed 
by Aerotherm for NASA Langley. The configuration and operation of the arc 
heater and the functions of the other equipment are as described in Section 4 
and Appendix C for the Aerotherm test facility. The facility was originally 

designed for combined thermal (convective heating) and mechanical (tensile 
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TABLE D-l 

HYMETS ARC PLASMA FACILITY 

a) SI Units 

1 Arc Heater 

Type Aerothenn 100 kw constrictor arc heater 

Input Power 5 to 100 kw 

Chamber Pressure 515 to 1.05 x 10' N/m' 

Enthalpy 4.2 x 1D5 to 1.05 x lo* J/kg 

Gas-Flow Rate 3.0 x 10eb to 6.9 x lD-' kg/set 

Gas Compositions N2, 02, Air 

Stabilization Gas 

Electrodes Copper/Tungsten 

1 Power Supply 

Type Full wave, silicon diode; moving coil current control 

Rating 105 KVA at 440V 3 60 cycle continuous operation or 
140 KVA for 3 minutes 

B Nozzles and Test Sections 

Supersonic Nozzles 

Exit Diameter 9.52 x 1D-3 to 3.18 x lo-' meter 

Throat Diameter 1.27 x lD-* meter 

Area Ratio 6.25 and 25.0 

Expansion Angle 8.5" half angle 

b Test Chamber 

Size 0.610-meter diameter by 0.914-meter long cylinder 

Chamber Cooling Double jacketed and water cooled 0.356 meter 

Viewing and Access Two 0.076 meter quartz view ports, two 0.356 meter hinged 
access ports with 0.127~meter ciameter Pyrex view ports 

D Vacuum System 

Type Mechanical pumps - High vacuum mechanical booster pump and 
oil seal rotary piston backing pumps, continuous operation 

B Model Sting System 

Type Pneumatically actuated 

Capacity Two stings per test maximum and tensile test equipment 

D Instrumentation 

Gas and Water Flow Rotometer 
Rates 

Wa;&feTemperature Thermopile 

Chamber and Cabin Precision bourdon tube gauge 
Pressures 

Surface Temperature Disappearing filament pyrometer, thermocouples 
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TABLE D-l (CONCLUDED) 

b) Conventional Units 

\ 
I Arc Heater ' 

We Aerotherm 100 kw constrictor arc heater 

Input Power 5 to 100 kw 

Chamber Pressure 0.005 to 1.00 atm 

Enthalpy 1OOD to 25000 Btu/lb 

Gas-Flow Rate 6.5 x 10m4 to 1.50 x 10'21b/sec 

Gas Compositions N2, 02, Air 

Stabilization Gas 

Electrodes Copper/Tungsten 

I Power Supply 

Type Full wave, silicon diode; moving coil current control 

Rating 105 KVA at 440V 3 60 cycle continuous operation or 
140 KVA for 3 minutes 

I Nozzles and Test Sections 

Supersonic Nozzles 

Exit Diameter 

Throat Diameter 

Area Ratio 

Expansion Angle 

) Test Chamber 

Size 

Chamber Cooling 

Viewing and Access 

1.25 and 2.5 inch 

0.5 inch 

6.25 and 25.0 

8.5O half angle 

24-inch diameter by 36-inch long cylinder 

Double jacketed and w ter cooled 

Two 3 inch quartz ports, two 14 inch hinged access ports 
with 5 inch diameter pyrex view ports 

I Vacuum System 

We Mechanical pumps - High vacuum mechanical booster planp and 
oil seal rotary piston backing pumps, continuous operation 

Capacity 2700 cfm nominal at .05 to 10 toor 

I Model Sting System 

Type Pneumatically actuated 

Capacity Two stings per test maximum and tensile test equipment 

I Instrumentation 

Gas and Water Flow Rotometer 
Rates 

Water Temperature Thermopile 
Rise 

Chamber and Cabin Precision bourdon tube gauge 
Pressures 

Surface Temperature Disappearing filament pyrometer, thermocouples 
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loading) testing of metallics for the hypersonic transport. It however has been 
used extensively for evaluating the thermal response characteristics of candidate 
metallic materials for the shuttle vehicle under flowing air conditions. These 
tests were performed using the .0635-meter (2.5-inch) exit diameter nozzle and 
a 9.53 x 10m3-meter (0.375-inch) flat face stagnation point test sample. 

D.2 DESIRED TEST CONDITIONS 

The desired conditions for the HYMETS facility are those which best 
simulate the shuttle vehicle reentry heating (Section 5). This implies for the 
basic size limitation of the facility, the largest possible test model (and 
test sample). The optimum configuration for the basic tests of interest and 
consistent with the facility size limitation is a flat face stagnation point 
model (Section 4). A wedge configuration is also possible but the sample size 
is small and, because of the s -% variation of heat flux in the flow direction, 
variation in the heat flux along the sample is large. 

To insure unirorm conditions on the face of the test model, 
the maximum model body diameter should be 0.5 to 0.6 times the nozzle exit 
diameter. Within this model size constraint, the best entry simulation (i.e., 
closest match of enthalpy and/or pressure, Section 5) is attained by using the 
largest body diameter practical. This trend is displayed in Table D-2 where 
for the FRMETS configuration (a, = 0.0127 meters (0.5 inches) and de = 0.0635 
meters (2.5 inches)), the operating conditions corresponding to the test conditions 
for shuttle vehicle reentry simulation are presented for two model diameters. 
This criteria combined with that for the maximum model diameter indicates that 
a O-0318-meter (1.25-inch) model represents the optimum body diameter for simula- 
tion testing in the HYMETS facility. The 0.0318-meter (1.25-inch) diameter 
model was therefore used as the baseline to. evaluate facility performance 
requirements. 

The required test conditions for reentry simulation testing for flat 
face models were presented in Tables 4 and 5 and are summarized in Table D-2 for 
convenience. These test conditions for the O-0318-meter (1.25-inch) diameter 
model and also for a 9.53 x lo-" -meter (0.375-inch) diameter model appropriate 
to the EYNETS facility were calculated in Section 5 for all simulation types. 
The required HYMETS facility operating conditions were then defined as follows: 

0 Arc heater chamber pressure p, calculated from the required model 
stagnation pressure and the constant y expansion tables for the HYMETS 
nozzle exit area ratio A,/A, 

0 Test gas flow rate m calculated from the sonic flow parameter (ig/poA*) 
and the required total enthalpy ho (see Appendix C) 
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TABLE D-2 

TEST AND OPERATING CONDITIONS FOR HYMETS FACILITY 

a) SI Units 

Model Body Diameter - meter 

Total Enthalpy - J/kg 

Catalytic Wall Convective 
Heat Fluxa - W/m2 

Staqnation Pressure - 
N/m 63.8 19.2 19.2 5.67 1216 1216 1216 1216 

Chamber Pressure - N/m* 1034 314 314 92 19758 19758 19758 19758 

Total Flow Rate - kg/set 12.16 3.65 3.65 1.11 314 375 375 436 

Power Requiredb - kw 2.9 0.9 0.9 0.2 20.2 15.6 15.6 12.1 

a26 Btu/ft%ec + typical flux for coated Cb testing 

14 Btu/ft%ec + typical flux for TD NiCr testing 

bAssumed efficiency = 0.5 



TABLE D-2 (CONCLIAIED) 

b) Conventional Units 

Test Parameter 1 Simulation Type 1 Simulation Type 2 

_-- 

Model Body Diameter - inch 1.25 0.375 1.25 0.375 1.25 0.375 1.25 

Total Enthalpy - Btu/lb 11400 11400 11400 11400 3120 1980 1960 

Catalytic Wall Convective 
Heat Fluxa - Btu/ft2sec 

Stagnation Pressure - atm 

26 26 14 14 26 26 14 

0.00063 0.00019 0.00019 0.000056 0.012 0.012 

Chamber Pressure - atm 0.0102 

0.00012 

2.9 

0.0031 0.0031 

Total Flow Rate - lb/set 0.000036 0.000036 

0.00091 

0.000011 

0.2 

0.012 

0.195 

0.0031 

20.2 

0.195 0.195 

0.0037 0.0037 

Power Requiredb - kw 0.9 0.9 15.6 15.6 

"26,Btu/ft2sec + typical flux for coated Cb testing 

14 Btu/ft2sec + typical flux for TD NiCr testing 

bAssumed efficiency = 0.5 

0.375 

1340 

14 

0.012 

0.195 

0.0043 

12.1 



0 Arc heater input power calculated from the relation Pin = ho/n where 
the arc heater efficiency n was estimated from previous results 

Typical operating conditions for the respective simulation test conditions are 
presented in Table D-2. 

D.3 PRESENT OPERATING CAPABILITY 

D.3.1 'Arc Heater and Nozzles 

The performance envelopes for the HYMETS facility are presented in Fig- 

ures D-l through D-3. Figures D-2 and D-3 display the operating characteristics 
for testing TD NiCr and coated Cb, respectively. From these envelopes it is 
apparent that the 0.0318-meter (1.25-inch) exit diameter nozzle is not appropriate 
to shuttle reentry heating simulation. For the 0.0635-meter (2.50-inch) exit 
diameter nozzle, it is also apparent that flight enthalpy simulation (type 1) 
is not possible with the HYMETS facility but that flight pressure simulation 
(type 2) and lower pressure, higher enthalpy simulation (type l-2) are possible 
at flux levels appropriate to both TD NiCr and coated Cb. Also, material evalua- 
tions for simulation type 2 may be conducted with model body diameters at least 
in the range 0.0318 meters (1.25 inches) to 9.53 x 10m3 meters (0.375 inch), 
but as discussed previously, the largest possible diameter is preferred since 
it represents the best reentry simulation capability of the HYMETS facility. 

The ability to achieve or exceed the present capabilities of the arc 
heater/nozzle combinations above depends on proper performance of other facility 
systems as presented below. 

D.3.2 Diffuser and Vacuum Pumping System 

The basic guidelines for diffuser design incorporated into the HYMETS 
facility based upon an interpretation and combination of the results of Ref- 
erences D-l and D-2 are: a 

Nozzle Diffuser 

D. 
$ > 1.35 

3:” >az150 ‘.\ 
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The diffuser was designed for optimum performance based upon an undisturbed 
flow without a model in the test stream, but allowance was made for model 
blockage. 

The vacuum pumping system is composed of two types of positive displace- 
ment pumps; a high vacuum lobe type mechanical booster pump and two oil seal 
rotary piston backing pumps. These pumps are interconnected and the resultant 
pumping system is automatically controlled to operate in the proper vacuum 
range. The pumping capacity curve for the system is shown in Figure D-4, wherein 
pumping speed denotes the actual volumetric displacement and suction pressure 
is the pressure at the pump inlet. 

The diffuser/vacuum pumping system was designed to provide a cabin pres- 
sure which matched the nozzle exit static pressure required for full nozzle 
flow. However, when a model is placed in the test stream, full flow is diffi- 
cult or impossible to maintain. This problem is due to a deficiency either in 
the vacuum pumping system or in the diffuser performance. Based on analysis of 
test data from the KYMETS facility and on the resolution of a similar problem 
in the Aerotherm test facility, the problem is the diffuser. For large model 
sizes relative to the nozzle exit diameter (e.g., dB = 0.5 de), the ratio of 
(D,/de)' should be very large, like 15, instead of 1.5, and optimum performance 
would probably be achieved with the use of a diffuser centerbody which would 
result in an annular diffuser configuration. 

D.3.3 Instrumentation 

Valid test results and a proper interpretation of these results requires 
an accurate definition of the test conditions. The test conditions of interest 
include (Appendix C): 

l Enthalpy 

l Stagnation (model) pressure 

l Stagnation (model) heat flux 

l Chamber (arc heater) pressure 

0 Test cabin pressure 

The definition of enthalpy should include the energy balance, mass balance, and 
heat flux values. Therefore in addition to the above parameters, the following 
arc heater operating measurements are required: 

a Voltage 

0 Current 
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l Water flow rate 

l Cooling water temperature rise 

l Total gas flow rate 

The present facility capability includes no stagnation pressure or heat 
flux instrumentation. The measured energy balance enthalpy has also been 
somewhat questionable. The potential sources of error in this enthalpy are 
the measurements of all operating variables listed above. Apparent potential 
problems with these measurements include: 

l Cooling water temperature rise - differential thermopile performance 
has been erratic; 3 calibrations have yielded 3 different sensitivi- 
ties, all differing from the theoretical sensitivity 

l Total gas flow rate - metered through 3 different systems at low 
pressure and small rotatmeter scale values, both of which are in the 
direction of low accuracy 

Also the arc heater has been operated in a configuration that results in 
low efficiency operation. Therefore the energy balance enthalpy is defined by 
differences in large numbers (Equation (C-l)), and even small errors in the 
operating condition measurements then result in large errors in enthalpy. A 
computer analysis using the Aerotherm ARCFLO computer code has demonstrated that 
this problem can be reduced for typical test conditions in the HYMETS facility 
by reducing the constrictor column length. A typical computation result is 
shown in Figure D-5 and indicates a factor of two increase in efficiency by 
shortening the column length by about 60 percent. 

D.4 RECOMMENDED MODIFICATIONS 

Based on the above presentation, recommended modifications for reentry 
simulation testing in the HYMETS facility are: 

Replace the existing diffuser (and extension spool) with a new 
diffuser assembly 

Add a facility pressure probe and steady state and transient 
calorimeters 

Add O-0318-meter (1.25-inch) diameter flat face models which accept 
appropriate metallic test samples 

Replace the cooling water temperature rise differential thermopile 

Add a second set of gas flowmeters for high accuracy low flow rate 
metering 
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0 Check and/or calibrate all other instrumentation 

0 Shorten the arc heater constrictor column as defined by analysis for 
the range of conditions desired for future test requirements 

In order to increase the effective vacuum pumping capability with a large 
model (up to 0.0318-meter (1.25~inch) diameter) in the test stream, the present 
diffuser must be replaced. A new diffuser system which allows replaceable dif- 
fuser sections for diffuser diameter changes and allows removable centerbodies 
is therefore recommended. The proposed system is shown in Figure D-6. Instal- 
lation of this system requires elimination of the existing diffuser and extension 
spool, and modification of the test chamber rear flange and the heat exchanger 
front flange. The proposed system is sufficiently versatile to accommodate any 
test condition and configuration within the basic capabilities of the HYMSTS 
facility as defined by the test envelopes of Figures D-2 and D-3. 

In order to allow accurate definition of the test conditions to which the 
test samples are exposed, the following additional instrumentation is recommended: 

0 Pitot probe and pressure transducer for measurement of model stagna- 
tion pressure 

0 Steady-state, Gardon calorimeter model for measurement of catalytic 
wall heat flux (0.0318-meter (1.25-inch) body diameter, flat face 
identical to the test sample model configuration) 

0 Transient slug calorimeters ( at least 2) for measurement of fully 
catalytic and full noncatalytic wall heat flux (configuration as 
above) 

Also for sample testing, at least two test models similar to those used in this 
program (Figure C-l) are recommended. 

Finally in order to improve the accuracy of operating condition measure- 
ments and therefore the accuracy of test conditions defined therefrom, the last 
four recommendations above should be implemented. 
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